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ABSTRACT 

This  report  describes  the  development  and  verification  of  four  computer 
programs  used  to  simulate  hydraulic  systems  under  dynamic  conditions.  The 
programs  were  developed  by  McDonnell  Douglas  Corp.  under  contract  with  the 
Air  Force.  The  Hydraulic  Systems  Frequency  Response  (HSFR)  program  predicts 
the  ripple  in  the  flow  from  piston-type  pumps  and  shows  how  it  is  transmitted 
and  attenuated  through  the  system.  It  predicts  the  resonant  frequencies  and 
the  locations  and  amplitudes  of  the  standing  waves  of  the  oscillatory  flow 
and  pressure.  The  Steady-State  Flow  Analysis  (SSFAN)  program  defines  the 
system  flow  and  pressure  distribution  resulting  from  the  simultaneous  operation 
of  actuator  devices  under  any  combinations  of  loads  and  rates.  The  Hydraulic 
Transient  Analysis  (HYTRAN)  program  simulates  the  dynamic  response  of  a system 
to  sudden  changes  in  load  flow  demand.  The  typical  input  to  the  system  is  a 
valve  motion  from  which  pressure  and  flow  disturbances  propagate  through  the 
system,  causing  pump  and  component  responses.  The  Hydraulic  Transient  Thermal 
Analysis  (HYTTHA)  program  predicts  the  effects  of  system  heat  generation  and 
dissipation  of  the  temperatures  and  performance  of  a hydraulic  system. 

The  Air  Force  has  made  the  programs  available  to  all  prospective  users 
and  has  rendered  technical  assistance.  User  manuals  and  programs  v/ere  first 
made  available  to  Industry  in  September  1974,  and  updated  versions  were 
disseminated  at  the  final  oral  nresentation  in  February  1977. 
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SECTION  I 
INTRODUCTION 


This  report  describes  the  work  performed  under  the  Aircraft  Hydraulic 
System  Performance  Analysis  contract. 

The  task  was  to  develop  and  verify  computer  programs  to  simulate  aircraft 
hydraulic  systems.  Four  digital  computer  programs  were  developed. 

The  Hydraulic  System  Frequency  Response  (HSFR)  predicts  how  oscillatory 
flows  and  pressures  caused  by  the  acoustical  energy  content  of  a pump  output 
are  transmitted  through  the  lines  and  components  of  a hydraulic  system. 

The  program  predicts  the  pump  speeds  at  which  major  resonances  occur, 
and  defines  the  amplitude  and  location  of  the  oscillatory  pressure  and  flow 
standing  waves.  The  description  of  the  system  being  simulated  is  easily 
changed  to  investigate  various  practical  system  modifications  for  the 
attenuation  and/or  relocation  of  the  major  resonant  conditions.  This  capability 
allows  potential  problems  related  to  hydraulic  acoustic  energy  to  be  eliminated 
during  the  design  stage. 

The  user  describes  the  system  to  be  simulated  by  means  of  punched 
data  cards.  The  description  includes  the  type  and  physical  characteristics 
of  each  of  the  elements  of  the  circuit.  An  element  may  be  a pump,  a section 
of  line,  a fitting,  a component,  or  a branch. 

The  user  completes  the  problem  statement  by  specifying  the  range  of 
pump  speed  and  the  harmonic  of  intere-.'t,  the  locations  at  which  flow,  pressure, 
impedance,  and/or  energy  levels  are  to  be  plotted,  the  fluid  type,  the  fluid 
temperature,  and  the  steady  state  pump  output  pressure. 

The  program  calculates  the  oscillatory  pressures  and  flows  at  the  input 
to  system  elements.  Standing  wave  characteristics  produce  large  variations 
in  pressure  amplitude  along  the  length  of  a line.  Division  of  a length  of 
line  into  small  elements  may  be  required  to  allow  this  standing  wave  pattern 
to  be  examined  to  ensure  that  an  excessive  pressure  amplitude  is  not  being 
ignored . 

Acoustic  analysis  can  be  performed  on  the  pressure  side  or  on  both 
the  pressure  and  return  sides  of  a system. 


The  Hydraulic  Transient  Analysis  (HYTRAN)  predicts  the  dynamic  response 
of  a system  to  sudden  changes  In  load  flow  demands.  The  input  to  the  system 
is  normally  a servo  valve  or  solenoid  valve  motion  from  which  pressure  and 
flow  disturbances  propagate  through  the  system,  causing  pump  and  component 
responses. 

The  program  simulates  the  complete  system  and  calculates  the  value  of  all 
the  flows,  pressures  and  state  variables,  throughout  the  system. 

HYTRAN  is  composed  of  five  basic  parts,  input,  steady  state  calculation, 
line  simulation,  component  simulation,  and  output. 

The  designer  inputs  data  describing  the  lines,  components  and  system 
configuration . 

The  steady  state  section  of  the  program  balances  the  pressures  and  flows 
in  the  system  and  calculates  the  initial  values  for  all  the  system  state 
variables.  Cnee  the  initial  values  are  established  at  zero  time,  the  program 
starts  by  calculating  for  a small  change  in  time  (delta  T) , new  flows  and 
pressures  in  the  lines. 

Once  the  new  pressures  and  flows  have  been  established  for  the  lines  the 
program  calculates  new  values  for  the  state  variables  of  all  the  components, 
and  the  flows  and  pressures  at  the  junctions  between  the  components  and  the 
lines . 

The  program  continues  to  march  forward  in  time  (delta  T)  Intervals,  first 
calculating  the  line  and  then  the  component  variables. 

The  output  part  of  the  program  selects  the  variables  that  are  required 
as  output  of  output  plots,  at  specified  time  steps.  When  the  program  calcula- 
tions are  completed,  the  output  is  then  printed  and  plotted. 

The  output  is  essentially  a time  history  of  selected  system  variables 
which  have  been  disturbed  by  the  controlling  input. 

Since  the  program  actually  advances  in  discrete  time  steps,  it  can  be 
integrated  into  other  simulations. 

The  Steady  State  Flow  Analysis  (SSFAN)  Program  predicts  the  steady  state 
flows  and  pressures  in  a closed  loop  aircraft  hydraulic  system. 

It  uses  a building  block  approach  so  that  new  elements  or  components  can 
be  added  with  minimum  change  to  the  rest  of  the  program.  A matrix  method  is 
used  to  compute  the  steady  state  flows  throughout  the  system  line  network. 


The  program  corrects  viscosities  for  pressure,  determines  whether  flow  is 
laminar,  transitive  or  turbulent  to  apply  appropriate  resistance  factors; 
and  corrects  reservoir  pressure  for  altitude. 

Some  of  the  outputs  of  SSFAN  can  be  predicted  values  of  flow  rate, 
surface  rate,  pressure  drop,  pressure,  or  subsystem  operating  time.  The 
program  can  also  be  used  to  predict  steady-state  motor  speeds  and  actuator 
rates  under  varying  load  conditions. 

The  Hydraulic  Transient  Thermal  Analysis  (HYTTHA)  Program  predicts  the 
effects  of  system  heat  generation  and  dissipation  of  the  temperature  and 
performance  of  an  aircraft  hydraulic  system. 

The  program  can  simulate  complete  closed  loop  systems.  It  calculates 
flows,  pressures,  state  variables,  component  temperatures,  fluid  temperatures, 
and  line  wall  temperatures  throughout  the  system. 

The  program  is  composed  of  four  basic  parts;  input,  steady  state  calcula- 
tions, thermal  line  and  component  calculations,  and  output. 

The  designer  inputs  data  describing  the  lines,  ambient  thermal  conditions 
components,  and  system  configuration. 

The  steady  state  part  of  the  program  balances  the  pressures  and  flows  in 
the  system,  and  calculates  for  all  the  system  state  variables.  Once  the 
initial  values  are  established  at  zero  time,  the  program  calculates  new 
temperatures  throughout  the  system  for  a small  change  in  time  (BELT). 

The  program  continues  the  calculations  at  CELT  intervals,  first  calculating 
the  system  flows  pressures  and  state  variables  and  then  calculating  the  line 
and  component  temperatures. 
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SECTION  II 
TEST  METHODS 

Test  conditions  for  transient  and  frequency  response  tests  were  altered 
as  testing  progressed  to  minimize  testing  of  components  which  showed  no  significant 
dynamic  effects.  For  components  which  showed  significant  dynamic  effects  (pump, 
check  valve,  etc.)  test  conditions  were  expanded  to  further  Investigate  these 
effects. 

Standard  test  temperature  range  was  70®F  to  210°F,  which  was  attainable 
on  the  component  test  bench  set-up  without  requiring  elaborate  temperature 
conditioning  equipment. 

Testing  was  accomplished  with  both  MIL-H-5606B  and  MIL-H-83282  hydraulic 
fluids.  The  range  of  flows  investigated  was  from  zero  to  157  CIS.  The 
dissolved  air  content  of  the  fluid  in  the  test  bench  for  all  the  data  runs 
was  less  than  1%  by  volume.  Test  conditions  that  deviated  from  the  above  are 
noted. 

Each  test  run  was  assigned  a unique  number.  The  run  number  definition 
is  explained  in  Figure  1. 


BASIC  RUN  NUMBER 


xx-xx-xx 

T T I- 


* INDICATES  n,OW-UP 
+ INDICATES  TURN-ON  TRANSIENT 
- INDICATES  TURN-OFF  TRANSIENT 


PARAiMETER  (PI  ,P?  ,Q1  ,Q2  , XH  ETC.) 

TEST  NUMBER 

TEST  SPECIMEN  rXIMBER 
10-19  30  FT  ,.:NF. 

j MISCE1.L.VNE0US 

(VALVES,  PUMP,  FILTER, 
ACCUMUIJ^TOR,  ETC.) 


FIGURE  1 


TEST  RUN  NUMBER  DEFINITION 


1.  FREQUENCY  RESPONSE  TESTS 

Frequency  response  tests  were  required  for  verifying  the  frequency  domain 
(HSFR)  pump  model,  and  model/system  interaction.  Test  conditions  established 
the  pump  frequency  characteristics  with  steady  state  flows  from  laminar  to 
turbulent  condltiOiis.  Tne  effects  of  temperature  were  investigated.  For  each 
test  condition,  amplitude  and  phase  data  of  the  pump  inlet  and  outlet  pressures 
and  flows  were  recorded,  and  harmonic  analysis  was  performed  at  system  resonance 
points.  Time  domain  data  was  also  recorded  at  several  speeds  for  pump  internal 
and  boundary  parameters. 

2.  TRANSIENT  TESTS 

a.  Test  Benches  and  Conditions  - The  time  domain  component  standard  test 
series  determined  the  effects  of  the  test  specimen  on  system  transient 
response . 

The  test  specimen  inlet  pressure  range  depended  on  whether  it  was 
tested  as  a pressure  side  or  return  side  component.  Hyd  aulic  power  for 
the  transient  test  was  provided  by  the  pump  via  an  F-15  JFS  accumulator. 
Transient  flow  demands  were  generated  by  opening  and  closing  a fast 
response  control  valve,  with  data  recorded  during  both  portions  of  the  cycle. 

Data  was  required  for  transient  flow  changes  to  and  from  two  peak 
flow  levels  at  each  of  two  temperature  levels,  one  peak  flow  value  in  the 
laminar  flow  range,  and  one  in  the  turbulent  flow  range. 

Peak  steady-state  flow  and  test  specimen  inlet  pressure  were  preset 
before  the  transient  test  using  the  pressure  or  return  load  valve  with 
the  transient  control  valve  open  and  the  flow  control  servovalve  at  full 
signal.  This  recharged  the  JFS  accumulator  prior  to  each  transient  discharge. 

Transient  pressure  and  flow  on  both  sides  of  the  specimen  were 
recorded  during  the  opening  and  closing  transients.  Temperatures  were 
stabilized  and  recorded  during  tlie  flow  calibration. 

Some  of  the  component  tests  dictated  that  configuration  changes  be  made 
to  the  basic  test  bench.  These  components  included  the  F-15  instrumented 
pump,  two  stage  relief  valve,  and  two  pump  tests.  These  changes  are 
explained  with  the  discussion  of  the  data. 

Tests  were  run  to  study  cavitation  waves  downstream  of  a fast  closing 
valve.  The  effects  of  different  valve  closing  rates  and  temperatures 
wore  monitored  at  different  system  air  contents. 


The  effects  of  varying  system  pressure  from  1500  to  3750  psi  were 
tested  to  verify  the  computer  program  for  that  range  of  pressures. 

The  F-15  iron  bird's  utility  speedbrake  system  was  tested  to  verify 
a simple  system  with  the  HYTRAN  computer  program, 
b . Test  Problems 

(1)  Fast  Control  Valve  - .A,  good  deal  of  effort  was  required  to  develop 
a fast  operating  control  valve  that  would  provide  the  transients  for  the 
test  system.  Desired  valve  closing  time  was  about  2 milliseconds  from 
a maximum  flow  rate  of  40  GPM.  Solenoid  valves  were  ruled  out  as  being 
to  slow  and  not  providing  a sharp  cutoff  characteristic.  Commercial 
solenoid  operated  poppet  valves  could  handle  the  desired  flow  rates, 
but  the  closing  times  were  too  slow.  It  was  felt  that  with  a few 
changes,  a commercial  poppet  valve  could  produce  the  required 
operating  times. 

A Victor  SV  41S-9021  solenoid  operated  poppet  valve  was  chosen 
for  modification.  The  standard  valve  incorporates  a balanced  poppet 
design  which  accounts  for  its  high  flow  ability  at  high  pressure. 

The  poppet  was  directly  actuated  by  the  solenoid.  In  the  modified 
version  of  the  valve  the  solenoid  was  removed  and  the  poppet 
displaced  by  a spring  and  push  rod  arrangement. 

A servovalve  driven  piston  was  connected  to  the  opposite 
side  of  the  spool  as  shown  in  Figure  2. 


FlCUKl.  MOD  IF  1 1.1)  VICTOR  SOI.FN'OID  VAl.VF. 


(SHOWN  IN  I’KFSSFRF  Ol’FNFD  SFKlNl,  CI.OSFD  CONF  iCl’KAT  1 ON ) 


Much  time  and  effort  was  spent  perfecting  the  valve  operation. 

Even  after  this  was  accomplished,  many  problems  with  the  valve  plagued 
the  verification  test  efforts.  These  problems  included  poppet  bounce 
on  closing,  premature  closing  due  to  poppet  flow  forces,  and  lack  of 
adequate  poppet  rate  control. 

(2)  Mechanical  Vibration  - Trouble  was  encountered  from  reflections 
in  the  system  when  using  a long  line  test  configuration  (see  Figure  3) . 
For  example,  small  amplitude  high  frequencies  can  be  seen  on  P3  in 
Figure  4.  These  reflections  were  determined  timewise  to  have  occurred 
at  the  180°  bends.  The  reflected  wave  from  the  fast  closing  valve 
travelled  down  the  surface  of  the  tube  faster  than  in  the  tluid  because 
of  the  differences  between  the  velocity  of  sound  in  the  two  mediums. 

1/2"  DIAMETER  LINE 


FIGUHE  3.  LONG  LINE  TEST  CONFIGURATION 


The  lines  were  then  clamped  at  approximately  18"  intervals  to 
simulate  the  amount  of  mechanical  damping  that  actually  occurs  in  an 
aircraft  hydraulic  system.  P3  In  Figure  3 shows  that  tiie  effect  of 
clamping  greatly  reduces  tlie  mechanical  vibration  and  the  excessive 
reflect  ions  when  compared  with  P3,  Figure  4.  Since  it  was  desired 
tluit  an  adeciuai.1-  line  model  be  verified,  it  was  necessary  to  eliminate 
as  cuch  of  tlie  mechanical  movement  as  possible  to  ride  the  system  of 
tlii.se  intinuial  reflections.  Thus  tlie  1 i lu-  .system  wa.s  turtlier  weighted 
,tnd  clamped  down. 


VALVE 


Flow  Rate: 
Temperature: 
Time  Scale: 
Date: 

Condition: 


19.25  CIS 
125“ 

20  msec/cm 
16  May  1975 
Turn-off  Transient 


FIGURE  4.  UNDAMPED  LINE  MECHANICAL  VIBRATIONS 


Flow: 

Temp : 

Time  Scale: 
Date: 

Flow  Condition: 


17.25  CIS 
125“F 

20  msec/ cm 
23  May  1975 
Turn-off  Transient 


FIGURE  5.  DAMPED  LINE  MECHANICAL,  VIBRATIONS 
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The  differences  in  P2  and  P3  pressure  traces  for  the  clamped 
and  undamped  lines  are  shown  in  figures  6 and  7 , respectively,  for 
the  1/2"  diameter  tube  with  a turn-on  transient. 


VALVE  ?0S 


Flow : 


Temp : 

Time  Scale: 
Date: 

Flow  Conditirn: 


17.25  CIS 
125  = F 

20  msec/ cm 
16  May  1975 
Turn-on  Transient 


FIGUKE  6.  LINES  UNCLAMPED 


FLOW:  17,25  CIS 

Temp:  .125‘’F 

Time  Scale:  20  msec/cm 

Date:  23  May  1575 

Flow  Condition:  Turn-on  Transient 

FIGURE  7.  lines  CLAMPED 
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(3)  Pump  Tost  Prublens  - The  turn-off  transients  caused  an  abnormal 
oscillation  in  the  hanger  position  data  (XH)  during  the  first  two  pump 
test  series  runs.  Figures  8 and  9 show  that  the  LVDT  was  not  properly 
tracking  the  hanger  movement.  The  transducer  oas  originally  in  italled 
so  that  the  probe  shaft  extended  into  the  pump  case  and  rested  on  the 
actuator  spring  piston.  The  probe  shaft  was  spring  loaded  to  eliminate 
slop  and  to  overcome  the  forces  resulting  from  case  pressures.  However 
it  appears  that  this  preload  was  not  adequate  to  track  the  response 
of  the  hanger.  Different  preload  springs  were  tried  without  much 
success.  The  spring  was  removed  from  the  LVDT  and  pressurized 
nitrogen  was  used  to  force  the  probe  against  the  actuator  spring 
piston.  The  gas  pressure  exerted  a morn  constant  pressure  on  the 
LVDT  probe  over  its  full  range  of  travel  and  thus  It  was  able  to 
accurately  track  the  hanger  as  shown  in  Figure  iD. 


TIME  IN  SECONDS 

F-15  HYDRAULIC  PUMP 
B3-03-XH  TURN-OFF  TRANSIENT 
77  CIS  130  F 
FIGURE  8. 
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(4)  Operational  Life  of  Hot  Film  Anemometer  Probes  - The  first  two 
Thermal  Systems  Incorporated  hot  film  probes  failed  after  50  hours 
of  operation.  These  were  mechanical  failures  caused  by  a separation  of 
the  connecting  wire  from  the  film  surface.  Separation  occurred  because 
of  strain  cracks  that  developed  in  the  epoxy  insulating  the  probe  tip 
from  the  anemometer  case.  Additional  efforts  were  made  to  locate  the 
probes  in  acoustically  quiet  areas  in  the  system  (i.e.  not  at  the  peak 
of  a pressure  standing  wave).  This  coupled  with  improved  probe  con- 
struction by  the  manufacturer  appreciably  extended  the  useful  life  of 
the  hot  film  probes. 

3.  STEADY  STATE  TESTS 

The  flow  domain  test  series  provides  steady-state  pressure  drop  and  flow 
data  on  the  component  test  specimen.  Data  was  recorded  as  the  steady-state  flow 
was  varied  from  zero  to  a maximum  value  and  back  to  zero  again.  The  maximum 
flow  depended  on  the  test  specimen  and  downstream  test  bench  flow  resistance, 
instrumentation  operating  limits,  and  pump  capacity. 

4.  THERMAL  TESTS 

Thermal  testing  was  performed  on  the  test  bench  and  the  F-15  iron  bird's 
utility  speedbrake  system.  Thermal  properties  of  steady  state  and  transient 
operating  hydraulic  systems  were  investigated. 

Steady  state  testing  on  the  test  bench  consisted  on  running  the  system 
at  a constant  temperature  and  flow  and  recording  the  heat  transfer  through 
each  component.  Transient  test  temperatures  were  monitored  from  start-up 
ambient  temperature  until  the  system  stabilized  at  some  specified  operating 
condition. 

The  utility  system  oil  on  the  F-15  iron  bird  was  heated  by  cycling  an 
actuator  in  the  system.  The  speedbrake  subsystem  remained  near  ambient 
temperature  during  this  period.  The  speedbrake  selector  valve  was  cycled 
to  operate  the  speedbrake  and  the  subsystem  V7arm-up  characteristics  were 
measured.  Data  was  recorded  for  opening,  closing,  and  reversal. 
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SECTION  III 
INSTRUMENTATION 


Accurate  test  data  was  essential  for  the  development  and  verification 
of  the  Aircraft  Hydraulic  Systems  Performance  Analysis  Computer  Programs.  As 
with  any  test  program  choosing  and  setting  up  the  proper  instrumentation  to 
measure  the  data  must  be  done  painstakingly  and  correctly  to  assure  reasonable 
accuracy.  Proper  selection  of  test  equipment  and  test  procedures  can 
contribute  greatly  to  the  effectiveness  and  accuracy  of  the  element  model 
verification. 

The  development  and  verification  of  component  models  required  special 
care  in  the  selection  of  the  variables  to  be  measured  and  how  they  were  measured. 
For  a general  model  this  required  monitoring  the  variables  at  all  the  external 
connections.  Because  of  the  complex  nature  of  fluid  behavior  in  the  individual 
components  caused  by  a system  disturbance  (e.g.,  a valve  closing)  the  mathematical 
representation  in  the  computer  program  becomes  quite  sophisticated.  Therefore 
the  key  variables  must  be  recorded  for  the  proper  model  verification  of  a 
component.  The  effort  in  the  Hydraulic  Dynamics  Laboratory  refined  the  procedures 
and  techniques  needed  to  evaluate  the  operating  characteristics  of  hydraulic 
system  components. 

1.  HYDRAULIC  PERFORMANCE  ANALYSIS  FACILITY 

The  Hydraulic  Performance  Analysis  Facility  (HPAF)  was  built  to  provide 
an  Improved  means  for  obtaining  dynamic  test  data  on  hydraulic  components  and 
systems.  Program  verification  is  accomplished  by  comparing  results  obtained 
from  the  computer  analyses  with  actual  data  obtained  in  the  test  facility, 
a.  Description  - The  major  items  which  make  up  the  HPAF  are  a pump 
drive  system,  a fluid  deaeration  unit,  a test  bench,  and  an  Instrumentation 
and  data  handling  system.  The  following  paragraphs  present  some  of  the 
defining  requirements  for  these  items  as  well  as  their  general  descriptions. 
Figure  11  is  a photograph  showing  the  layout  of  the  facility. 
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llia'KK  II.  hydraulic  performance  analysis  facility 

b.  Pump  Drive  System  - The  requirement  for  tes-  ing  fn.st  i espouse 
Hydraulic  pumps  such  as  those  employed  on  the  F-15  aircraft  provided 
one  of  the  primary  justifications  for  the  IIPAF.  Conve^nt iona  1 laboratory 
drives  do  not  provide  adequate  speed  control  or  "dynamic  stiffness"  to 
maintain  a constant  pump  speed  as  transient  flow  loads  are  ajiplied.  As 
a result,  pump  performance  data  is  often  obscured  by  speed  vari- 
ations and  in  some  cases  erroneous  data  resvilts  because  the  speed 
variations  cause  abnormal  pump  operation.  The  pump  drive  system 
(Figure  12)  in  the  lll’AF  is  a direct  drive  200  horsepower  unit  ol  llu' 
adjustable  frequency  AC  typ»‘  cap.ahle  of  speeds  up  to  7000  Rl’fL  ll 
eliminates  s ign  i f i c.an  t speed  variations  under  I'hauginp,  load  loiul  i l i ons 
bv  sensing  output  speed  <ind  torque  and  adjusting  motor  drlvi'  i rei|iieiu  \ 
accordingly.  The  diri-ct  drive  le;tturi.“  i‘ 1 i m i ;ia  t t'S  i' 1 i.'iiien  t s whuh  .ould 
introduce  b.uklash  or  compliance  to  alli'w  ilvii.imic  test  ing  ol  high 
response  pumps. 
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I |i:i  Kl  I.’.  PUMP  DRIVK  SVSTKM 


i.  . Fluid  Deaeration  System  - One  of  the  variables  which  affet  ts  the 
ilynamic  jier fo rmance  of  a liydranlic  system  is  the  amount  of  dissolviui 
air  in  t lie  fluid.  Air  lontent  in  a system  can  vary  significantly 
ilepending  tin  tilling  ,nid  bleeding  procedures,  and  operating  pressures 
it  was  concluded  that  a imnans  ot  controlling  dissolved  air  content 
was  reqoireti.  I'uilher,  it  was  tU'citletl  that  to  obtain  baseline  tlata 
the  best  a|>|iroach  lor  ileal  iiig  with  the  dissolved  i i r problem  was  to 
ittliice  the  air  I'ontent  to  .111  i ns  1 gn  i f i can  t level.  To  accomplish  this 
1 deaei.ilion  svsteiii  (Figuie  11)  was  labricattal.  1 h 1 s unit  has  the 
c Ip  1 b i I j I V O I 111.1  i n t 1 i 11  i 111',  the  1 i I content  within  the  s v s t cm  at  less 
Isoi  i le;  '.'oliniie.  .\n  aii  liie.i  .sii  1 i 11  c,  .e.n.tiiii  .lilows  \’t‘ r i 1 i e a t i 01 1 ol 


FIGURE  14.  DEAERATION  UNIT  HYDRAULIC  SCHEMATIC 


Figure  14  shows  the  hydraulic  schematic  for  the  hydraulic  fluid 
degassing  unit.  The  MCAIR  built  unit  is  capable  of  degassing  and 
storing  a quantity  of  oil.  Oil  can  be  circulated  through  the  test 
system  from  the  degassing  unit  power  supply,  which  also  supplies 
power  to  operate  the  Jet  pump. 

The  unit  is  capable  of  initially  evacuating  the  test  system  with 
or  without  operation  of  the  system  pump,  loading  previously  degacsed 

oil  Into  the  system,  degasc’ng  rll  at  a high  rate  while  in  series  or 
parallel  with  the  system,  and  receiving  and  storing  degassed  oil  from 
the  system  before  test  specimen  changeover. 
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d.  Test  Bench  - The  test  table  was  designed  to  accommodate  most 
specimen  configurations  with  minimum  changeover  effort.  In  addition 
to  providing  a location  for  the  specimen  and  instrumentation,  the 
table  included  the  equipment  for  generating  transient  hydraulic  flows. 
Transients  were  generated  with  the  specially  developed  fast  control 
valve  which  had  operating  times  on  the  order  to  two  milliseconds. 

The  test  bench  and  instrumentation  schematic  is  shown  in  Figure  15 
for  component  transient  tests.  Steady  state  flow  rate  was  controlled 
by  the  load  valve  downstream  of  the  test  station.  Transient  flow 
'^emands  were  generated  by  opening  and  closing  the  fast  response  solenoid 
control  valve.  Pressures  and  flows  were  recorded  on  both  sides  of  the 
test  specimen  during  the  opening  and  closing  transients.  The  basic  power 
supply  consisted  of  a hydraulic  pump,  a commercial  PULSCO  hydraulic 
acoustic  noise  attenuator,  pressure  filter,  case  drain  filter,  and 
system  relief  valve.  Hoses  and  quick  disconnects  at  the  pump  permitted 
hookup  of  the  oil  degassing  unit  with  or  without  the  pump  in  the  circuit. 

The  case  drain  quick  disconnect  was  required  to  pressurize  the  pump 
case  from  degassor  power  when  the  system  was  degassed  with  the  pump 
connected.  Test  specimen  temperature  was  controlled  by  stabilizing 
test  bench  temperatures  with  an  industrial  type  heat  exchanger  in  the 
pump  suction  line.  A pressure  hose  permitted  movement  of  the  pressure 
side  of  the  set-up  to  accommodate  various  rest  specimen  envelopes.  A 
flow  control  servo  valve  in  the  pressure  supply  line  permitted  remote 
control  cycling  of  flow  rates  for  steady-state  flow  domain  tests.  The 
F-4  bootstrap  reservoir  was  strategically  located  at  the  termination  of 
the  straight  test  section  to  minimize  dynamic  reflections  at  the  test 
specimen.  Reservoir  bootstrap  pressure  control  was  independent  and 
variable.  The  reservoir  pressure  relief  valve  prevented  overpressurization, 
and  allowed  safe  operation  slightly  over  normal  reservoir  pressure.  The 
suction  line  was  large  to  preclude  pump  cavitation  during  normal  test 
conditions. 

The  test  section  consisted  of  an  accumulator  for  transient  power 
supply  and  additional  source  noise  attenuation,  solenoid  control  and  load 
valves,  and  upstream/downstream  instrumentation  across  the  test  specimen. 
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FUiURE  li.  STEADY  STATE  AND  TRANSIENT  TEST  BENCH  HYDRAULIC  SCHEMATIC 

The  test  section  was  the  highest  point  In  the  circuit  to  minimize 
fluid  loss  and  air  absorption  during  specimen  changeover, 
e.  Instrumentation  and  Data  Handling  System  - One  common  problem  Is  the 
Installation  of  a transducer  Itself  on  the  dynamic  peiformance  of  the  system. 

Several  approaches  are  employed  to  reduce  this  effect  In  the  HPAF. 

These  Include  the  use  of  Clamp-on  pressure  transducers  and  hot  wire 
anemometer  flowmeters. 

Figure  16  shows  a cross  section  of  the  Instrumented  section  of  the 
test  bench,  upstream  of  the  test  specimen,  for  flow/time  domain  tests. 

The  downstream  Instrumented  section  was  Identical  to  the  upstream  section. 

The  Instrumented  sections  were  designed  to  minimize  flow  disturbances. 
Split  blocks  were  clamped  over  the  tube  section  with  matching  block-to-tube 
Holes  for  temperatures  and  flow  probes,  and  pressure  transducers.  Fittings 
were  drilled  out  to  matcli  tubing  inside  diameters  where  fitting  wall 
tliicknes.s  permitted.  Pressure  transducers  were  installed  a.s  near  to  the 
flow  stream  as  possible,  without  protruding  into  the  stream. 
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o upstream  section  shovn,  dovnatrcam  and 
size  identical  but  reverse  sequence 


FIGURE  16.  INSTRUMENTATION  SECTION  - COMPONENT  MODEL 
VERIFICATION,  STEADY  STATE  AND  TRANSIENT 


The  primar}!  element  in  the  data  handling  system  was  a Wang  2200B 
programmable  calculator.  This  calculator,  with  its  optional  thermal 
printer  and  X-Y  plotter  was  capable  of  outputting  measured  data  in  report 
format.  Transient  data  was  input  into  the  calculator  under  program 
control  via  a 4-channel  transient  recorder  which  accepted  the  analog 
transducer  outputs,  converted  them  to  digital  form,  and  stored  them. 

The  Wang  system  was  also  used  as  a terminal  for  direct  communication 
with  a general  purpose  digital  computer  when  expanded  capabilities 
were  required.  Figure  17  is  a photograph  showing  the  calculator  system. 
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FIGURE  17.  WANG  2200B  PROGRAMMABLE  CALCULATOR  SYSTEM 


2.  DATA  RECORDING  AND  PROCESSING 

Figure  18  shows  a block  flow  diagram  of  the  instrumentation  and  data 
recording  facilities.  The  data  was  taken  via  transducers,  strain  gages, 
flowmeters,  thermocouples,  etc.,  through  their  respective  electronics  to  the 
patch  panel.  Data  from  the  panel  routed  to  a 14-track  intermediate  band  FM 
magnetic  tape  recorder  and  to  a 4-channel  waveform  recorder.  The  waveform 
recorder  manufactured  by  Biomation  Corporation  was  capable  of  recording  1000 
points  of  data  for  each  channel  with  a channel  resolution  of  10  binary  bits  per 
data  word.  Response  of  the  data  system,  including  the  tape  recorder,  was 
from  DC  to  10,000  Hz.  Recorder  accuracy  was  1%  or  better. 
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FIGURE  18.  INSTRUMENTATION  AND  DATA  FLOW  BLOCK  DIAGRAM 

COMPONENT  MODEL  VERIFICATION 


The  processing  of  the  data  began  with  mounting  the  appropriate  data  tape 
on  the  recorder  and  playin'’  back  four  data  channels  at  a time  to  the  Biomation. 
These  recorded  analog  signals  were  digitized  (converted  to  a binary  representa- 
tion) by  the  Biomation  waveform  recorder.  In  this  process  some  of  the  data  was 
lost  to  tape  noise  and  flutter.  A + .5%  tolerance  on  the  data  was  considered 
good  resolution.  However,  for  a 4000  psi  pressure  pulse,  + 20  psi  can  cause 
the  steady  state  portion  of  the  computer  simulation  to  be  in  error.  See 
Section  3 for  a further  discussion. 

The  data  taken  from  the  Biomation  was  stored  on  cassette  tape  through 
a Wang  2200  programmable  calculator.  Calibration  factors  for  scaling, 
temperature  and  flow  conditions  were  also  stored  on  tape.  One  thousand  data 
points  per  channel  were  recorded  on  the  cassette. 

From  the  tape  the  data  was  plotted  on  the  Wang  X-Y  plotter  or  output  on 
a thermal  printer.  The  Wang  calculator  was  interfaced  with  the  CDC  6500  disk 
files  through  a telecommunications  link.  Data  was  transferred  to  a file  where 
it  was  merged  with  the  computer  programs. 

) 1 


3.  PRESSURE  MEASUREMENT 

For  a transient  analysis,  knowing  the  initial  steady  state  boundary  conditions 
was  important  to  starting  the  computer  solution  procedure.  The  problem  of  trying 
to  measure  steady  state  data  with  transient  recording  instruments  was  significant 
to  this  procedure.  The  pressure  transducers  being  used  were  Statham  thin  film 
strain  gage  transducers  with  a range  of  0-5000  psia  and  a natural  frequency  of 
70000  Hz  in  air.  The  best  that  they  could  be  calibrated  to  was  + 20  psia.  A 
5000  psia  transducer  cannot  mechanically  perform  better,  and  further  processing  of 
the  pressure  signal  through  the  electronic  system  (+  1/2%  was  typical  of  tape 
noise)  induced  more  error  in  the  pressure  reading.  For  the  computer  simulation 
this  would  sometimes  cause  errors  in  the  calculated  steady  state  flow  resulting 
in  erroneous  pressure  distributions. 

The  pressure  transducers  were  calibrated  for  zero  and  maximum  values 
provided  by  electronic  circuitry,  for  every  set  of  runs  that  were  made.  Each 
tr-'insducer  was  calibrated  to  give  a linear  relationship  between  voltage  and 
pressure.  Due  to  nonlinearities  in  the  measuring  equipment  the  trans- 
ducers drifted  in  both  zero  and  scale  calibrations  giving  significant 
errors  in  pressure  measurements.  When  necessary  the  pressure  data  was 
averaged  to  find  a mean  value  for  the  steady  state  pressure,  and  all  the 
other  pressures  were  corrected  to  this  mean  value  in  order  that  meaningful 
verification  effort  could  be  accomplished.  This  method  gave  acceptable 
steady  state  starting  and  stopping  conditions  without  drastically  affecting 
the  data.  The  technique  involved  was  electronically  equivalent  to  using 
one  transducer  as  the  standard  and  referencing  the  others  to  it  through  a 
gain  factor. 

Clamp-on  pressure  transducers  were  also  used  in  the  transienc  and 
frequency  testing.  These  Piezo-electric  transducers  were  Kistler  205  K2's. 

They  have  a resolution  of  .1  psi/rms  with  a sensitivity  of  .5  mv/psi.  The 

maximum  pressure  measurable  is  10000  psi  and  the  transducers  have  a natural  frequency 

of  250000  Hz. 
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A.  FLOW  MEASUREMENTS 

A main  area  of  concern  that  developed  In  testing  was  the  measurement  of 
transient  flows  in  a simple  line  system.  The  inability  to  adequately  measure 
a flew  reversal  hampered  the  computer  simulation  verification  of  the  HYTRAN 
line  model. 

Although  adequate  pressure  data  can  be  obtained  for  the  computer  verifica- 
tion, meaningful  transient  flow  data  is  very  difficult  to  record  during  a water- 
hammer  experiment. 

The  first  transducer  used  to  measure  flow  data  was  a Ramapo  flowmeter. 
Figure  19  presents  a schematic  of  the  flowmeter.  In  actual  laboratory  testing 
the  Ramapo  flowmeter  exhibited  very  poor  damping  characteristics  when  hit  by  a 
transient.  The  flowmeter  oscillated  at  about  360  Hz,  which  is  its  natural 
frequency.  Figure  20  shows  typical  results.  The  dynamic  fluid  flow  force  is 
sensed  as  a drag  force  on  a specially  contoured  body  of  revolution  suspended 
in  the  flow  stream.  The  flow  force  is  transmitted  via  a lever  rod  to  a strain 
gage  bridge.  The  arag  force  is  proportional  to  the  flew  rate  squared.  When 
the  arag  element  is  hit  by  a transient  wave,  the  cantilever  beam  arrangement 
of  the  meter  overreacts  to  the  flow  forces  and  begins  to  oscillate  at  its 
natural  frequency. 
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FIGURE  19.  RAILIPO  FLOWMETER 
SCHEMATIC  DIAGRAM 
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FIGURE  20.  FA  PC  FILTER  HOUSING 
Q2  TURN-OFF  TRANSIENT 
125°F 


After  analyzing  the  test  data  from  Task  lA,  it  was  originally  believed 
that  the  flowmeters  were  placed  at  critical  reflection  points  in  the  system. 

The  test  setup  was  expanded  to  locate  a flowmeter  in  a different  position. 

The  configuration  is  shown  in  Figure  21.  From  this  setup  it  was  confirmed 
that  the  Ramapo  flowmeter  was  oscillating  at  its  natural  frequency,  and  not 
being  driven  by  internal  reflections. 

Figure  22  is  an  oscilloscope  trace  of  the  data  points  sampled  by  the 
Biomation  waveform  recorder  for  P2,  P3,  Q3  and  valve  position.  Qi  is  the 
data  trace  of  the  Ramapo  flowmeter  before  a square  law  relationship  was  applied 
to  the  data  to  convert  it  to  a direct  representation  of  the  flow  transient  as 
measured . 
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ncURE  22.  TURN-OFE  TRANSIENT  WITH  RAMAPO 
E1.0W  METER  IN  NEW  TEST  SETUP 
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a.  Hot  Film  Anemometer  Flow  Measurement  Development-  The  hot  film 
anemometer  was  installed  in  approximately  the  same  position  as  the  Ramapo 
flowmeter  in  Figure  21.  The  pressure  transducer  was  located  directly 
opposite  the  anemometer.  The  probe  tip  was  inserted  so  that  the  center 
of  the  film  was  approximately  in  the  centerline  of  the  tube.  The  hot 
film  probe  is  a Thermal  System  Inc.,  Model  1229  as  shown  in  Figure  23. 

The  hot  film  system  uses  a bridge  balance  network  to  supply  current  to 
the  sensor  to  keep  it  at  a constant  temperature.  The  amount  of  current 
needed  is  a measure  of  the  flow  rate. 


KLCURE  23.  MODEL  1229  HOT  FILM  I'ROBF  - 
SIDE  FLOW  WEDGE 

The  hot  film  sensors  were  chosen  over  hot  wire  sensors  because  of 
the  following  advantages; 

1.  Less  suceptible  to  fouling  and  easier  to  clean  - helpful  in 
the  high  temperature  ranges  to  reduce  the  effects  of  an'’  possible 
oil  degradation. 

2.  Excellent  frequency  response 

3.  More  flexibility  in  sensor  configuration 

4.  Lower  heat  conduction  of  the  film  to  its  supports  wliich 
allows  a smaller  sensor  to  minimize  effects  on  the  fluid  flow. 


2 7 


mL  .Ji 

ajETUfe 


The  basic  anemometer  voltage  is  related  to  flow  approximately 
as  follows: 

= [A  + B (pV)  (ts  - ts)  (1) 

where  A,  B = constants  depending  on  fluid  properties 
p = fluid  density 
V = velocity 

M = exponent  that  varies  with  range  and  fluid  (usually  2) 
ts  = sensor  operating  temperature 
te  = fluid  or  environmental  temperature 
This  relation  illustrates  the  non-linearity  of  the  anemometer  output 
as  well  as  the  relationship  with  density,  velocity  and  temperature. 

A test  run  was  made  with  the  probe  tip  in  the  location  shown  in 
Figure  24  and  the  oscilloscope  trace  of  the  pressure  directly  opposite  the 
hot  film  probe  and  the  anemometer  output  voltage  is  shown  in  Figure  25. 

The  protrusion  into  the  flow  steam  was  chosen  to  place  the  sensor  in 
approximately  the  centerline  of  the  tube. 


FLOW 


HOT  FILM  SENSOR 


FLOW 


SECTION  A-A 

I icrkl,  2'4.  PLACEMENT  OF  SKNSOR  IN  1/2"  LINE 


2H 


FIGURE  25.  HOT  FILM  SENSOR  DATA  IN  1/2"  LINE 


The  trace  indicated  much  better  flow  data  than  was  obtainable 
with  the  Ramapo  flowmeter.  Unfortunately,  negative  flow  measurements 
were  not  accurate  because  of  the  direction  in  which  the  probe  tip  was  placed. 

The  next  step  was  to  rotate  the  wedge  shaped  probe  tip  ninety  degrees 
to  the  flow  direction  (Figure  26).  Since  there  Is  an  equal  amount  of 
exposed  hot  film  on  either  side  of  the  wedge,  it  was  believed  that  the 
anemometer  could  adequately  measure  the  flow  in  both  directions.  Figure  27 
Is  an  oscilloscope  trace  of  the  data  run  which  shows  significant  improvement. 

From  basic  waterhammer  theory  it  is  known  that  after  the  fast  control 
valve  is  closed  a positive  wave  propagates  at  acoustic  velocity  back 
along  the  pipe  until  it  reaches  the  accumulator.  The  fluid  behind  the  wave 
is  at  zero  velocity  and  at  a pressure  higher  than  the  accumulator.  After 
the  pressure  wave  reaches  the  accumulator,  the  higher  pressure  in  the  pipe 
causes  the  fluid  in  the  pipe  to  flow  back  into  the  accumulator.  The 
indicated  flows  in  Figure  27  are  all  positive  because  the  hot  film  probe 
cannot  sense  flow  direction,  it  can  only  measure  flow  magnitude.  The 
first  flow  peak  is  a negative  and  so  is  every  alternate  peak. 


An  Interesting  observation  on  the  anemometer  data  Is  the  residual 
flow  at  the  first  flow  reversal  and  its  gradual  decay.  This  is  more 
prevalent  in  the  oscilloscope  photograph  Figure  28  which  covers  a 
significantly  longer  time  period.  The  probe  location  was  the  same  as 
that  in  Figure  25.  The  initial  response  of  the  probe  to  the  turn-off 
transient  should  show  a flow  drop  to  zero.  The  small  flow  measured  by 
the  probe  in  the  position  chosen  shows  the  inability  to  measure  zero 
mean  flow  in  the  velocity  profile  for  that  position. 


FIGURE  28.  HOT  FILM  SENSOR  DATA  IN  1/2"  LINE 


Flow:  27.6  CIS 

Temp:  125°F 

Time  Scale:  100  msec/cm 

Date:  24  May  75 

Condition:  Turn-off  transient 


b.  Baseline  Setup  and  Anemometer  Usage  Calibration/Optimization  - Assured 
that  the  anemometer  data  gave  reasonable  answers  the  baseline  30  ft  1/2" 
dia  tube  was  set  up  in  the  dynamics  laboratory  (Figure  15) . Two  18"  test 
stations  were  located  up  and  downstream  of  the  test  specimen.  Each 
station  had  an  anemometer  and  two  pressure  transducers. 
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The  first  step  was  to  perfect!’  ilign  the  anemometers  90*  to  the  flow 
direction.  This  was  accomplished  dynamically  by  running  a turn-off 
transient,  observing  the  flow  trace  on  an  oscilloscope,  and  then  adjusting 
the  Q]^  anemometer  position  until  decreasing  square  waves  were  measured. 
Figures  29,  30,  and  31  illustrate  an  example  of  this.  In  Figure  29  the 
probe  was  rotated  greater  than  90°  to  the  flow  direction,  in  Figure  30 
was  less  than  90°,  and  Figure  31  contains  the  final  calibration  curve 
for  Qi. 


FIGURE  29  HOT  FILM  SENSOR  DATA  IN  1/2"  LINE 
BASELINE  30  FT  TUBE 

Qj^  ROTATED  GREATER  THAN  90* 


FIGURE  30  hot  FILM  SENSOR  DATA  IN  1/2"  LINE 
BASELINE  30  FT  TUBE 

ROTATED  LESS  THAN  90* 
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FIGURE  31,  HOT  FILM  SENSOR  DATA  IN  1/2"  LINE 
BASELINE  30  FT  TUBE 

TIP  90“  TO  FLOW  DIRECTION 

Because  the  short  line  length  between  the  fast  valve  and  anemometer 
resulted  in  shorter  reflection  times  (Figure  15),  this  procedure  could 
not  be  accurately  followed  for  the  Q4  anemometer.  The  entire  Q4  test 
station  was  relocated  at  the  upstream  test  station  for  calibration 
and  then  returned  to  its  original  position. 

A steady  state  calibration  was  performed  on  the  hot  film  anemometer. 
A turbine  flow  meter  was  used  for  the  flow  data  along  with  the  anemometer 
bridge  output  voltage  to  generate  a flow  vs  voltage  calibration  curve  for 
the  anemometer.  The  values  of  voltage  and  the  turbine  meter  output  of 
frequency  were  plotted  on  an  X-Y  plotter.  The  graph  Is  shown  in 
Figure  32,  A dip  was  noted  in  the  transition  region  from  laminar  to 
turbulent  f]ow. 
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FIGURE  32.  CALIBRATION  OF  ANEMOMETER 
TEMP  iZS^F 


R.  G.  Leonard  in  his  doctoral  thesis  on  "A  Simplified  Model  For 
A Fluid  Tiansmission  Line"  (Pennsylvania  State  University  Graduate  School 
of  Mechanical  Engineering,  June  1970),  gave  predicted  variation  in  the 
fluid  velocity  at  three  different  locations  in  a line  as  a function  of 
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time  following  the  valve  closure  in  a waterhammer  experiment.  Figure  33 
reproduced  from  Dr.  Leonard’s  thesis  shows  that  the  fluid  in  the  region 
near  the  tube  wall  responds  much  faster  (in  that  it  reverses  sooner) 
to  the  reversal  of  the  pressure  gradient,  than  does  the  fluid  in  the 
central  portion  of  the  flow  where  the  inertial  effects  are  more  dominant, 
i.e.  reverse  flows  occur  near  the  wall  while  in  the  central  region,  flow 
persists  toward  the  valve.  Thus  the  hot  film  probe  was  shifted  laterally 
in  the  tube  to  obtain  a better  mean  velocity  measurement.  Moving  this 
probe  tip  from  the  tube  centerline  helped  to  remove  the  dip  from  the 
steady  state  calibration  in  Figure  32  to  the  curve  in  Figure  34.  The 
calibration  curve  clearly  indicates  the  nonlinearity  characteristics  of 
the  anemometer.  Figure  35  shows  the  results  of  moving  the  probe  too 
far  out  of  the  flowstream.  The  transition  region  now  begins  to  rise. 
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After  moving  the  probes,  they  were  aligned  90°  to  the  flow  direction 
before  a calibration  run  was  made.  Once  a smooth  calibration  curve  can 
be  established,  an  equation  was  fitted  to  the  curve  and  the  actual  data 
flow  rates  were  calculated  from  this  relationship. 

The  calibration  was  acccompllshed  by  varying  the  load  valve  in 
Figure  15  from  0 to  38.5  CIS  flow  and  back  down  again.  If  the  system 
temperature  was  allowed  to  vary  by  more  than  5 degrees  a definite 
temperature  hysteresis  effect  could  be  observed  on  the  calibration  curve. 
Figure  36  is  an  excellent  example.  If  the  temperature  is  kept  relatively 
constant,  there  is  no  problem  in  the  calibration  curve.  For  fast  transients 
there  is  little  effect  due  to  temperature  variations  on  the  flow  measurements 
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FICURE  35.  CALriiRATTOK  OK  0^  ANEMOMETER 
TEMP  ]25°F 

After  the  probes  were  aligned  and  calibrated,  a 125'’F  turn-off 
transient  was  then  run  on  the  system.  Figures  37  and  38  show  the  plotted 
results  of  the  flow  data,  Qj  and  Q^. 

The  flow  signal  is  extremely  noisy  for  the  intial  steady  state  flow 
and  gradually  dampens  as  tite  flow  settles  to  zero.  In  Figure  37  the 
flow  reversals  shown  by  the  first,  third,  fifth,  etc.,  peaks  have  a 
definite  flow  decay,  while  the  forward  flows  in  the  even  numbered  peaks 
indicate  a flatter  response. 

These  transient  flow  data  were  the  best  recorded  to  date.  Althougli 
it  may  not  be  the  most  optimal  for  correlation  to  computer  output  plots 
of  flow,  it  is  definitely  better  than  any  flow  data  we  measured 
previous’y,  and  was  used  in  tlie  verification  of  the  element  iModels. 
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FIGURE  38.  .5  DTA  TUBE  X 30  FT 

ANEM-Q4  TURN-OFF  TRANSIENT 
38.5  CIS  125  DIG  F 


5.  ANCILLARY  INSTRUMENTATION 

The  pump  Instrumentation  consists  of  two  Standard  Controls  Inc.  model 
210-10-060-09  pr-jssure  transducers  for  control  pressure  (FC)  and  pump  outlet 
pressure  (PP).  These  units  are  temperature  compensated,  low  volume,  strain 
gage  type  pressure  transducers  with  a pressure  range  from  0 to  10,000  psi. 

The  control  spool  position  (XC)  is  monitored  using  a variable  Impedance 
transducer  having  a linear  range  of  0.05  inches.  The  unit  is  manufactured  by 
Kaman  Measuring  Systems.  The  model  number  of  the  sensor  is  KD  2300-15.  The 
hanger  position  (XH)  is  measured  using  an  SRL  model  KB], 00  LVDT  with  a rated 
lineal  range  of  + .50  inches. 

Turbine  flowmeters  incorporating  a free-moving  suspended  rotor  and  a signal 
pickoff  were  used  to  measure  the  steady  state  flows  on  the  test  bench. 

Other  major  instrumentation  used  included: 

Aire-ometer  - Measured  the  precent  of  dissolved  air  in  the  system. 

Torque  monitor  - A strain  gage  device  used  to  measure  pump  drive  torque. 

Bionuition  waveform  recorder  - A digital  sampler  '-sed  to  process  the  data. 

Bat  CO  - Proiessed  .implitude  and  pli.ist:  data. 

Spectrum  Analy::er  - Performed  harmonic  analysis  at  te;.:.  system  resonance  poi'its. 
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SECTION  IV 


FREQUENCY  RESPONSE  VERIFICATION  TESTS 

Development  and  verification  efforts  on  the  HSFR  computer  program  during 
t!ie  contract  period  are  covered  in  this  section. 

Development  work  on  the  HSFR  computer  program  consisted  of  considerable 
work  on  the  PUMP  subroutine  to  Improve  and  extend  its  capabilities.  Steady 
state  balancing  of  hanger  angle  with  computed  outlet  flow,  inlet  acoustic  flow/ 
pressure  analysis,  and  hanger  torque  analysis  sections  were  developed.  Hanger 
torque  studies  aided  in  the  development  of  an  accurate  pump  model  for  the 
transient  analysis  computer  program  (HYTRAN) . 

Alx  HSFR  subroutines  were  generalized  to  allow  a corriinon  method  of  inputing 
data  for  the  pump  and  all  simulated  circuit  components  and  lines.  The  sub- 
routines (WHEQUT)  for  a Quincke  tube  resonator  was  revised.  A similar  subroutine 
was  developed  to  simulate  a.  hydraulic  system  acoustic  filter  available  commer- 
cially from  the  PULSCO  division  of  the  American  Air  Filter  Co.  Miscellaneous 
changes  were  made  to  the  executive  or  main  program  to  add  acoustic  energy 
analysis,  and  allow  user  selection  of  the  harmonic  of  interest  and  the  number  of 
pumping  pistons.  The  CDC  program  ivas  also  run  on  the  IBM  360  system  with  minor 
changes  to  literal  data  formats. 

Program  verification  tests  consisted  of  operation  of  an  F-15  hydraulic 
pump  in  a short  (9  feet),  straight,  1 inch  steel  line  circuit  terminated  by 
a load  valve.  This  baseline  system  provided  data  for  combined  verification 
of  the  main  program,  and  models  for  the  line,  the  pump,  and  valve/circuit 
termination.  The  dynamic  interaction  between  the  pump  and  system  load  is  a basic 
part  of  HSFR  program.  A variable  length  circuit  was  also  used  in  the  tests. 

Tests  were  run  at  130°F  and  210°F  fluid  temperatures  with  MIL-H-5606B  and 
MIi“H-83282A  fluids.  Steady  state  flow  was  varied  from  0 to  20  gpm. 

Original  plans  for  component  level  model  verification  called  for  measuring 
dynamic  pressure/f low  magnitude  and  phase  relationships  at  the  component  inlet 
and  outlet.  However,  dynamics  flow  measurements  were  not  accurate  enough  to 
permit  pre.ssure/f low  phase  measurements  of  sufficient  quality  for  routine  component 
model  verification.  Component  verification  therefore  consisted  of  mapping  circuit 
dynamic  pressures  with  the  component  installed  in  the  straight  baseline  test 
circuit.  Tiie  F-15  pump  was  used  as  the  acoustic  source  throughout  the  tests. 

Test  data  were  obtained  for  two  different  component  locations  in  tlie  test  circuit. 
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Total  circuit  length  was  held  constant,  regardless  of  the  component  being 
tested  or  its  location  in  the  circuit. 

Test  data  was  compared  directly  to  computed  results  by  plotting  standing 
pressure  waves  and/or  the  peak  pressure  amplitude  at  a location  (pump  speed) 
of  circuit  resonance. 

1.  BASIC  HSFR  PROGRAM  AND  PUMP  MODEL  VERIFICATION 

This  section  describes  the  development  and  verification  of  the  basic 
Hydraulic  System  Frequency  Response  (HSFR)  computer  program.  Development 
and  verification  of  the  HSFR  pump  model  is  also  included  since  the  dynamic 
interaction  between  the  pump  and  system  load  is  a basic  part  of  the 
program . 

Program  verification  encompassed  operation  of  the  instrumented  F-15 
hydraulic  pump  in  a simple,  straight-line  test  circuit  "erminated  by  a load 
valve.  Verification  also  included  the  addition  of  a single  closed  end 
branch  line  to  a straight  line  circuit. 

Test  results  are  discussed  and  analyzed  for  the  three  circuit/fluid 
combinations  tested. 

MIL-H-5606B/9  Ft.  System 
MIL-H-83282A/9  Ft.  System 
MIL-H-83282A/Trombone  System 

Analog  plots  of  selected  test  data  are  included. 

Development  and  use  of  the  HSFR  program  and  pump  model  to  study  pump 

hanger  torque  characteristics  is  discussed.  This  activity  aided  in  the 

development  of  an  accurate  pump  model  for  the  transient  analysis  computer 

program  (HYTRAN) . 

Verification  tests  for  components  modeled  in  the  HSFR  program  are 
covered  in  subsequent  sections. 

a . HSFR  Program  Development 

The  following  summarizes  ciianges  and  add  it  ions  made  to  the  HSFR  computer 
lirogram  during  the  ci-uitract  period,  Feb.  1SI74  - Feb.  1 977  . 

(1)  Generalized  PUMP  ami  JsTM^lJUT  Subroutines 

The  PUMP  was  originally  modeled  using  programmed  tlata.  The  P1T1P 
subroutine  was  later  gtuiera  1 1 zeii  to  alli'w  the  ri‘r|uired  data  to  hi' 
inputed  along  with  otlu'r  circuit  comp.onent,  line,  and  control  iniuit 
liat.i.  idle  s.inie  type  I'l  genera!  izat  ion  was  also  ap|il  led  to  the  Wlll'iir 


(Quincke  tube)  subroutine.  With  these  changes,  input  data 
for  all  HSFR  program  models  of  system  elements  are  input  in  the 
same  generalized  manner. 

(2)  Return  System,  Pump  Inlet,  and  Hanger  Torque  Analysis 

The  HSFR  program  and  HSFR  pump  subroutine  were  utilized  to  study 

pump  hanger  torque  characteristics  in  order  to  improve  the  HYTRAN 

pump  model  in  this  area.  Calculation  of  the  return  system  dynamic  loads 

was  necessary,  to  study  the  effect  of  pump  inlet  load  on  pump  outlet/ 

pressure  system  dynamics  and  hanger  torque. 

This  effort  resulted  in  a major  expansion  of  the  basic  HSFR 
program  and  pump  subroutine  to  allow  resonant  frequency  analysis  of  a 
hydraulic  return  system,  and  pump  hanger  torque/actuator  pressure 
analysis.  Use  of  these  capabilities  is  described  in  the  HSFR  user's 
manual.  The  HSFR  technical  description  manual  describes  these 
model  changes  in  detail.  The  algorithm  for  pump  hanger  torque  which 
was  developed  for  the  HYTRAN  pump  model  is  described  in  the  HYTRAN 
technical  description  manual. 

(a)  HSFR  Pump  Subroutine  - Inlet  and  Torque  Analysis  - The 
original  HYTRAN  pump  subroutine  included  hanger  forces  due  to  piston 
inertia,  but  not  oscillatory  forces  due  to  piston  pressure.  The 
manufacturer  (Abex)  of  the  verification  test  pump  (F-15)  had  indicated 
that  piston  pressure  forces  were  more  significant  to  hanger  torque 
than  inertia  forces.  A more  complete  calculation  of  hanger 
torque  was  desired  to  correctly  model  pump  response  to  changes 
in  load . The  improved  pump  model  needed  to  include  hanger  torque 
resulting  from  piston  inertia,  piston  pressure,  and  the  hanger 
spring  over  the  entire  operating  range  of  controlled  hanger  (swash) 
angle,  pump  shaft  speed,  and  outlet  and  inlet  pressures.  Cavitation 
on  the  inlet  (suction)  side  and  the  oscillatory  nature  of  outlet 
and  inlet  pressures  were  important  considerations. 

It  was  necessary  to  compute  piston  pressure  during  the  complete 
pump  revolution  in  order  to  study  hanger  torque  characteristics. 

The  HSFR  program  basic  pump  subroutine  already  included  a time 
domain  calculation  of  piston  pressures  during  the  precompression 
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phase  and  during  the  pumping  phase  when  the  pump  is  interacting 
with  a dynamic  system  load. 

The  HSFR  pump  subroutine  was  expanded  to  include  decompression, 
calculation  of  pump  inlet  flow/pressure  dynamics,  and  calculation 
of  hanger  torques  due  to  piston  inertia,  piston  pressure,  and 
the  hanger  spring.  The  simulation  technique  for  decompression 
and  inlet  flow/pressure  calculations  is  the  same  time-step 
calculation  used  in  the  precompression  and  outlet  flow  calculations 
of  the  basic  HSFR  pump  model.  Oscillatory  inlet  pressures  are 
naturally  limited  to  vapor  pressure  on  the  negative  side  of  steady 
state  inlet  pressure.  Accurate  calculation  of  precompression 
required  tracking  of  cavitation  in  a piston,  if  it  existed, 
during  the  decompression  and  inlet  phases  of  pump  rotation. 
Calculation  of  inlet  and  outlet  total  oscillatory  flow  was 
converted  from  a parallel  technique  to  a series  technique  in 
order  to  provide  continuous  tracking  of  cavitation  throughout 
the  full  revolution  of  the  pump  rotating  group. 

Calculation  of  leakage  from  the  pump  case  into  the  piston 
cavity  when  piston  pressure  is  below  nominal  case  pressure  was 
added,  while  retaining  the  original  calculation  of  leakage  out 
of  the  piston  cavity  when  piston  pressure  is  above  case  pressure. 

(b)  Input  Data  for  Return  System  and  Pump  Hanger  Torque  Analysis  - 
Modeling  and  computation  of  return  system  load  impedance  at  the 
pump  inlet  is  essentially  the  same  as  for  the  pressure  side 
of  the  system  in  the  basic  HSFR  main  program.  The  pump  inlet  is 
identified  as  a dummy  element  (NTYPE  = 7,  KTYPE  = 1).  This 
allows  the  mail  program  to  identify  the  pump  inlet , and  to  compute 
and  store  the  return  system  load  impedance  at  the  pump  inlet. 

The  complete  HSFR  pump  model  has  three  subtypes  available 
for  use.  KTYPE  21  is  used  when  analyzing  the  pressure  side  of 
the  system,  i.e.  no  return  side  model.  KTYPE  22  is  used  for 
pressure  side  analysis,  but  also  provides  a limited  pump  inlet 
analysis  sufficient  for  studying  pump  hanger  torque  character- 
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istics  without  the  need  for  a return  system  model.  KTYPE  23  Is 
used  when  analyzing  both  the  pressure  and  return  sides  of  the 
system. 

Data  for  the  pump  is  the  same  for  all  three  pump  subtypes. 
However,  for  KTYPE *s  21  and  22,  the  system  data  must  contain  only 
the  pressure  side  elements. 

New  pump  input  data  added  for  decompression,  inlet  flow, 
and  torque  calculations  are 

1)  hanger  offset  (HOFF)  inches 

2)  hanger  actuator  maximum  displacement  (DISAM)  inches 

3)  actuator  lever  arm  at  zero  angle  (ACTLEVO)  inches 

2 

4)  pumping  piston  mass  (PIMASS)  lb-sec  /inch 

5)  steady  state  case  pressure  (CPRESS)  psi 

6)  case  to  suction  Ap  at  zero  case  drain  flow  (CSPRES)  psi 

7)  diameter  of  hanger  actuator  (DIACT)  inches 

The  equation  for  calculating  the  actuator  lever  arm  (ACTLEV) 
at  the  existing  hanger  angle  is  hardmodeled  and  must  be  changed 
to  suit  the  pump  being  analyzed. 

(c)  Pump  Piston  Cylinder  Cavitation  - Pump  inlet  flow  simulation 
showed  piston  cylinder  cavitation  during  decompression  at  low 
swash  angles,  as  predicted  by  Abex.  Cavitation  was  also  predicted 
during  inlet  port  closure  just  prior  to  the  start  of  precompression. 
Transient  inlet  cavitation  also  occurred  when  inlet  pressure 
pulsations  were  high  enough  to  produce  vapor  pressure  levels, 

i.e.  at  a return  system  resonance  condition. 

(d)  Pump  Hanger  Torque  - The  HSFR  pump  subroutine  outputs  hanger 
torque  as  control  pressure  (Pc)  on  the  hanger  actuator  piston. 

Figure  39  compares  the  computed  and  measured  actuator  control 
pressure  on  the  F-15  pump.  Total  actuator  control  pressure  is 

the  result  of  piston  pressure  and  inertial  torque,  hanger  spring 
torque,  and  pump  case  pressure.  Note  the  increase  in  pump  hanger 
torque  at  system  resonant  pump  speeds  (2700  and  4030  rpm) . Figure 
39  shows  pump  hanger  actuator  control  pressure  computed  with  the 
9 ft.  test  system  model.  Actuator  pressure  includes  hanger 
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spring  reaction  and  case  pressure.  Actuator  control  pressure 
is  overplotted,  as  measured  In  the  trombone  system  which  was 
tuned  to  produce  the  same  resonant  frequencies  as  the  9 ft. 
test  system.  General  correlation  Is  quite  good,  especially 
at  resonant  points. 


FIGURE  '39  HANGER  ACTUATOR  CONTROL  PRESSURE 

F-18  PUMP  VERIFICATION  TEST  - SHORT  LINE 
MIL-H-S60hl3,  '3000  PSI  , I10°F,  2.3  GPM 

Mechanical  resonance  of  the  pump  compensator  valve  was 
produced  by  tuning  the  trombone  system  to  a natural  resonance 
frequency  of  about  1583  rpm.  Peak-to-peak  pulsations  of  2000 
psi  were  encountered  at  this  condition,  and  measured  compensator 
valvc  motion  was  +.005  inch. 

The  liigh  gain  compensator  valve  in  the  F-I 5 pump  has  a relatively 
low  natural  frequency.  Smaller  compensator  valves  In  pumps  with 
nomial  (slower)  response  could  liave  a natural  frequencv  in  the 
pump  operating  speed  range.  Comiieiisator  resonant  fre(]uencv 
is  anotlier  deslg.n  point  whicli  must  not  coincide  with  a pump 
v'ontinuous  operating  speed. 

A detaiU'd  parametric  study  of  the  F-15  pumi)  lianger  lorspie 
c harac  1 1.' r i s t i c s was  coiiducti-d  usini'  the  exi.anilt'd  HSI'K  program 
ami  pump  su  hr  on  t i lu' . 
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Figure  40  shows  average  hanger  torque  at  3600  rpm  due  to  piston 
pressures  as  a function  of  hanger  angle,  steady  state  outlet  pressure, 
and  oil  temperature.  Torque  due  to  pumping  piston  inertial  forces 
are  also  shown.  These  torques  along  with  the  hanger  spring  act 
in  the  direction  of  full  stroke  (maximum  hanger  angle) . The  ratio 
of  acceleration  to  pressure  torques  agrees  with  Abex's  experience. 

The  Shuttle  (F-14)  Abex  pump  was  then  modeled  in  the  verification 
test  system  to  analyze  its  torque  characteristics.  Torque  character- 
istics computed  by  the  F-14  pump  model  are  plotted  in  Figure  41. 

Average  hanger  torque  is  very  sensitive  to  the  pre-compression 
and  decompression  pressures,  since  these  pressures  act  on  the  hanger 
at  the  maximum  moment  arm  via  the  pistons. 

Hanger  torque  is  not  significantly  affected  if  the  pump 
inlet  flow  is  computed  without  dynamic  balancing  of  the  inlet 
flow  to  the  return  system  load.  This  allows  a hanger  torque  study 
CO  be  conducted  without  having  to  model  the  return  side  of  the 
system. 
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FIGURE  40  F-15  HYDRAULIC  PUMP  HANGER  TORQUE 
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HANGER  TORQUE  - IN-LbS 
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FIGURE  41  F-14  (SHUTTLE)  HYDFUXULIC  PUMP  lUYNGER  TORQUE 


(e)  Effect  of  Pump  Inlet  Modeling  on  Pressure  System  Pulsations  - 
Figures  42,  43  and  44  show  the  results  of  computing  oscillatory 
outlet  pressure  at  the  F-15  pump  port  plate  with  three  different 
pump  inlet  models. 

The  F-15  PC-1  return  system  is  modeled  in  the  same  manner 
as  the  pressure  system,  as  illustrated  in  the  Volume  III  user's 
manual.  Figure  42  shows  the  computed  peak  oscillatory  nutlet 
pressure  using  a constant  pump  inlet  pressure,  i.c.,  constant 
pressure  at  the  start  of  the  pre-compression  phase. 
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FIGURE  42  F-15  PC-1  PRESSURE  SYSTEM  FREQUENCY  RESPONSE 

WITH  CONSTANT  PRESSURE  INLET 
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FIGURE  43  F-15  PC-1  PRESSURE  SYSTEM  FREQUENCY  RESPONSE 

WITH  CONSTANT  INLET  FLOW  ANALYSIS 
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FIGURE  44  F-15  PC-l  PRESSURE  SYSTEM  FREQUENCY  RESPONSE 

WITH  DYNUXMICALLY  BALANCED  INLET/FLOW  ANALYSIS 
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Figure  43  shows  tne  same  calculated  outlet  pressure  at  the 
port  plate  except  that  a pump  inlet  flow/pressure  analysis  is 
performed  based  on  the  inputed  constant  inlet  pressure.  This  is 
done  by  selecting  a pump  KTYPE  = 22,  and  results  in  some  variation 
in  the  initial  pressure  at  the  start  of  precompression. 

Figure  44  shows  pressure  at  the  pump  port  plate  outlet  with 
a complete  dynamic  balancing  of  pump  inlet  flow  and  return  system 
load.  The  inlet  analysis  is  made  in  the  same  manner  as  for  the 
outlet  flow, 'pressure  system  load.  Figure  44  also  shows  the  predicted 
oscillation  pressure  at  the  port  plate  inlet.  Note  that  the  return 
system  has  a predicted  resonant  response  at  three  pump  speeds, 
which  are  not  related  to  the  resonant  responses  of  the  pressure 
system.  Verification  of  inlet  system  pulsation  predictions  were 
not  in  the  scope  of  the  contract.  The  400-700  psi  peak  pulsations 
predicted  in  Figure  44  are  probably  high.  However,  predicted 
return  system  resonant  frequencies  are  probably  as  accurate  as 
pressure  system  predicted  frequencies. 

(f)  Pump  Precompression:  Figure  45  shows  typical  precompression 
predicted  by  the  HSFR  PUMP  subroutine  for  the  F-15  Abex  pump.  The 
plotted  pressure  is  the  pressure  in  the  piston  cylinder  at  the 
end  of  the  precompression  phase,  just  before  the  cylinder  cavity 
communicates  with  outlet  slot  in  the  valve  port  plate. 
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(3)  Miscellaneous  HStR  Program  Model  Developments  - Miscellaneous 
changes  and  additions  made  to  the  HSFR  main  program  and  subroutines 
are  listed  below. 

HSFR  Main  Program 

1)  Harmonic  of  interest  selected  by  input  data 

2)  Acoustic  energy  analysis  capability  added 

- Density  plots  (mllliwatts/in  ) 

- Intensity  plots  (watts) 

3)  Number  of  pumping  pistons  (elements)  variable  by  input  data 

4)  Program  run  on  IBM  360  system 

- changed  end  of  file  (EOF)  statement 

- changed  literal  data  formats 

CPC  IBM 

8A10  10A8  (Real  *8) 

8A10  20A4 

5)  Pressure/flow  phase  angle  calculation  corrected 

6)  Writing  of  selected  output  plots  corrected 
PUMP  Subroutine 

1)  Added  steady  state  balancing  to  pump  subroutine 

- balances  hanger  angle  (at  rated  outlet  pressure) 

- balances  outlet  pressure  (at  maximum  hanger  angle) 

2)  Improved  sensitivity  of  pump  steady  state  balancing 

3)  Modified  piston  leakage  factor  for  pump  inlet  flow  calculation 

- required  to  stabilize  inlet  flow  calculation 
Predefined  output  plots  for  studying  pump  hanger  torque, 
precompression,  decompression 

WHEQUT  Subroutine 

1)  Revised,  made  corrections  to,  and  ran  Quincke  tube  subroutine 
(WHEQUT) 

b.  HSFR  Pump  and  Basic  System  Model  Verification  - Tests  were  run  on  two 
basic  test  circuit  configurations  with  MIL-H-  5606B  and  MIL-H-83282A  fluid. 
Each  of  these  test  series  is  discussed  separately  in  this  section. 
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Set-ups  and  Circuit  Models  — Figure  46  is  a schematic  of 

the  general  test  circuit  used  for  frequency  verification  tests.  The 
set-up  was  essentially  the  same  as  used  for  transient  tests.  The 
frequency  analysis  section  of  the  test  circuit  is  shown  in  more 
detail  in  Figure  47  and  48.  Figure  47  shows  the  detailed  dimensions, 
instrumentation,  and  configuration  of  the  short,  straight,  frequency 
test  section  (9  ft.)  between  the  pump  and  load  valve.  Details  of  the 
suction  system  between  the  reservoir  and  pump  are  also  shown.  Input 
data  for  the  short  line  verification  circuit  is  shown  in  Figure  49  as 
an  output  of  the  HSFR  program. 
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FIGURE  48,  SCHEMATIC  OF  HSFR  TROMBONE  TEST  SYSTEM 


Figure  48  shows  the  details  of  the  trombone  frequency  analysis 
test  section.  The  sliding  tube  permitted  the  length  of  the  test 
section  and  its  resonant  frequency  to  be  varied  with  ease.  Input  data 
for  the  trombone  verification  circuit  is  shown  in  Figure  50, 

(2)  Processing  of  Frequency  Response  Data  - Digitizing  of  frequency 
data  through  the  Biomation  waveform  analyzer  and  plotting  through  the 
Wang  calculator  did  not  produce  satisfactory  pressure/rpm  sweep  plots. 
The  basic  problems  were  accurate  synchronization  of  time  and  rpm 
signals,  and  poor  resolution  due  to  the  long  sweep  time  (one  minute). 
Time  did  not  permit  the  pursuit  of  a more  accurate  method  of  digitizing 
frequency  response  data.  Therefore,  direct  automated  overplotting  of 
measured  and  computed  results  was  not  available  for  frequency  response 
test/model  verification. 

Overplots  were  made  by  manually  plotting  measured  data  directly 
on  a reduced  computer  output  plot.  Overplots  were  also  made  by  scaling 
an  analog  plot  on  mylar  to  the  computer  olot  size,  then  overlaying 
the  mylar  plot  on  computer  plot  for  shooting  a final  master.  Since 
manual  overplotting  is  very  time  consuming,  direct  comparisons  of 
measured  and  computed  frequency  response  data  is  kept  to  the  minimum 
necessary  i or  basic  HSFR  program  verification.  Manual  iilotting  and 
reproduction  distortion  introduce  some  erri.r. 
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(3)  MIL-H-5606B/9  F't . System  Tests  - Figures  51  through  54  show 

overplots  of  measured  and  computed  peak  pressure  pulsations  at  the 
inlet  of  element  //9,  i.e,  PI  in  the  9 ft.  test  circuit.  Tiiese  figures 
show  fundamental  frequency  pressure  pulsations  for  0,  .5,  2.,  and  10.  gpm 
steady  state  flows,  respectively.  Test  conditions  were  130°F  oil 
temperature  and  3000  psig  steady  state  pump  outlet  pressure. 

Frequency  correlation  is  about  0-2%  (0  to  100  rpm)  for  the  2nd 
and  3rd  resonant  speeds.  A 2%  correlation  is  good  considering  possible 
errors  due  to  temperature  shift  during  the  run,  circuit  length  errors, 
and  fluid  property  and  instrumentation  errors.  Prediction  of  the  first 
resonant  point  appears  to  be  about  200  rpm  too  low.  However,  this  first 
predicted  resonant  point  is  below  the  natural  frequency  of  the  pump 
compensator  valve,  as  determined  during  the  test  series.  Measured 
pressure  response  below  the  valve  natural  frequency  (1500  rpm)  is  washed 
out,  and  therefore  does  not  correlate  to  the  computed  first 
resonance,  since  compensator  dynamics  are  not  modeled. 

Resonant  frequencies  of  the  9 ft.  test  circuit  are  consistent 
with  theory  for  a line  terminated  by  a fixed  orifice,  and  are  only 
partially  dependent  on  the  flow  at  the  load  valve. 

Measured  and  predicted  resonances  correlate  well  to  that  computed 
for  the  total  line  length  from  the  pump  port  plate  to  the  load  valve. 


where:  f^^  =■- 

N = 


C = 


L = 


c 

for  a half-wave  characteristic 
pump  speed  (rpm) 

fundamental  frequency  of  circuit  (cps) 

ac'^ustlc  velocity  in  fluid 
53,113  in/sec  at  llO^F 
circuit  length  (in) 

124.1  in. 


Harmonic  responses  (fp’  occur  in  multiples  of  the  fundamental 

frequency.  Predicted  pump  speed  for  the  fundamental  resonance  of  the 
9 ft.  test  circuit  Is  1300  rpm.  This  is  consistent  with  measured  2nd, 
and  3rd  resonances  of  2550  and  3900  rpm. 


FIGURE  51  COMPUTED  VS.  MEASURED  PI  PRESSURE  FREQUENCY  RESPONSE 
F-15  PUMP  VERIFICATION  TEST  - SHORT  LINE 
MIL-H-5606B  DATA  PER  NRC  OF  CANADA 
3000  PSI,  130“F  0 GPM 


53  COMPUTED  VS.  MEASURED  P!  I'RI'.SSU HI'  !'REOUEN'C5'  Kl  Sl’i'NSU 
1-15  PUMl’  \T:KIEICAT!0N  T1;S1  - SPORT  I ini: 

M 1 1 -ll-5(<0I.li  DATA  PER  .NR('  Ol'  CANADA 
iOOO  PSI,  1 iO"E , 0.5  CUM 


FIGURE  5J  COMPUTED  VS.  MEASURED  PI  PRESSURE  FREQUENCY  RESPONSE 
F-15  PUMP  VERIFICATION  TEST  - SHORT  LINE 
M1L-H-5606B  DATA  PER  NRC  OF  CANADA 
3000  PSI,  130°F,  2 GPM 


l iil  ki  ,,  COMPUTED  VS.  MEASURED  PI  PRESSURE  ERIUIUENCY  RESPONS'' 
F-II  PUMP  V1;kIF!C:ATIO.\  test  - SHORT  EIN'E 
NII  -H-SU()UB  DATA  I'I'.K  NRC  OF  CANADA 
U)Oi)  PSI.  130“F,  It)  (.PM 


The  computed  standing  pressure  wave  at  the  3900  rpm  resonance  point 
is  plotted  In  Figure  55  for  each  of  the  various  test  flow  rates  from 
0 to  20  gpm.  Measured  values  at  "PI"  are  also  plotted.  Pressure 
amplitudes,  computed  and  measured,  decrease  with  increasing  flow  even 
though  pump  studies  indicate  that  precompression/outlet  pressure 
mismatch  increases  as  the  hanger  angle  increases.  Decreased  termination 
impedance  as  the  load  valve  is  opened  to  higher  flows  reduces  the  acoustic 
reflections  at  the  valve  such  that  there  is  a net  reduction  in  the 
standing  wave  amplitude.  An  increase  in  pressure  amplitude  with  increasing 
flow  has  been  observed  in  a long  line  simple  test  circuit  and  in  multi- 
branch aircraft  systems.  Note  that  the  standing  wave  location,  i.e. 
resonant  frequency  of  3900  rpm,  is  unaffected  by  the  steady  state  valve 
flow  rate.  The  oscillating  pressure  amplitude  at  the  "PI"  instrumentation 
point  location  was  about  1/2  maximum  for  the  3rd  (3900  rpm)  resonance 
point,  and  near  zero  at  the  2nd  resonance  point  (2550  rpm). 
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FIGURE  55  FREQUENCY  RESPONSE 

F-15  PUMP  VERIFICATION  TEST  - SHORT  (9  FT.)  FINE 
STANDING  PRESSURE  WAVE  FOR  RESONANT 
FREQUENCY  AT  3900  RPM 
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Figure  56  shows  the  effect  of  oil  temperature  on  system  resonance.  . 
The  3rd  resonant  speed  was  decreased  from  3900  to  3500  rpm  for  an  oil 
temperature  change  from  130'’F  to  210‘’F.  This  shift  brings  the 
4th  resonant  frequency  into  the  range  of  the  plot. 

Figure  56  also  shows  the  effect  of  modeling  the  pump  and  pump 
manifold  as  a volume  instead  of  a line.  The  change  reduced  the  accuracy 
of  predicted  amplitudes  and  frequencies.  Figure  57  shows  a comparison 
of  computed  and  measured  pressure  pulsations  for  the  2nd  multiple  of 
the  pumping  frequency  at  0 gpm  and  130°F.  This  is  entitled  harmonic 
number  2 on  the  computer  plot,  although  more  conventional  terminology 
would  refer  to  it  as  the  1st  harmonic  of  the  fundamental  frequency. 
Frequency  correlation  is  about  the  same  as  for  the  fundamental  frequency, 
however,  amplitude  prediction  is  less  accurate.  Measured  response 
at  3800  rpm  v/as  apparently  too  sharp  to  be  plotted  with  a plot  Increment 
width  of  50  rpm.  Second  hannonic  content  (at  1950  rpm)  was  about  120 
psi  at  the  frequency  of  the  third  circuit  resonance  (585  hz) . However, 
much  higher  pressure  (500  psi)  was  generated  when  the  pump  operated 
at  3900  rpm  providing  a fundamental  pumping  frequency  of  585  hz , i.e. 
the  third  circuit  resonance. 


FICUHK  56  COMPUTED  VS.  MEASURED  PI  PRESSURE  FREQUENCY  RESPONSE 
F-15  PUMP  VERIFICATION  TEST  - SHORT  LINE 
M1L-H-5606B  DATA  PER  NRC  OF  CANADA 
3000  !’S1,  210°F,  0.5  C.PM 


59 


•■WW! 


FIGURE  57  COMPUTED  VS.  MEASURED  PI  PRESSURE  FREQUENCY  RESPONSE 
F-15  PUMP  VERIFICATION  TEST  - SHORT  LINE 
MIL-H-5606B  DATA  PER  NRC  OF  CANADA 
3000  PST,  130°F,  0 GPM  - 2ND  HARMONIC 

(4)  MIL-H-83282A/9  Ft.  System  Tests  - Figure  58  shows  an  overplct 

of  computed  and  measured  fundamental  pressure  at  the  "PI"  location 
for  a 2 gpm  flow  and  130°F  oil  temperature.  Computed  response  is 
based  on  fluid  properties  derived  from  Air  Force  Report  AFML-TR-73-81 . 


KlGl’Kl  >H  COMPUTED  VS.  MEASURED  PI  PRESSURE  FREQUENCY  RF‘''PONSE 
F-15  PUMP  VERIFICATION  TEST  - SHORT  LINE 
MII.-M-KiJHJ  DATA  PER  AEMI.-TK - 7 i -H  1 
iOOO  I'S  I , ! U)‘’E , J ('.PM 
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Measured  resonant  frequencies  with  MIL-K-8^ '?82A  fluid  in  the  test 
stand  were  200  to  300  rpn  lower  than  chose  predicted  by  Che  HSFK  program. 
Rockwell  International  reported  similar  lack  of  correlation  in  their 
HSFR  analysis  and  testing  of  the  shuttle  orblter  hydraulic  system.  MCAIR 
believes  chat  Che  error  is  primarily  the  result  of  adaibatic  bulk 
modulus  data  used  in  the  FLL'ID  subroutine,  which  mis  based  on  the  AFML 
report.  The  report  values  were  computed  from  measured  isothermal  secant 
hulk  data.  Figure  59  compares  measured  results  for  both  oils  in  the 

some  9 ft.  test  svstem  with  identical  test  ct^nditions.  This  indicates 
that  the  bulk  modulus  for  oil  Is  slight Iv  higher  than 

tor  Mn.-H-:,b06B  oil. 

Only  two  sources  of  bulk  modulus  data  for  the  81292  fluid 
are  known  at  this  time. 

. . . ....  « 
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FIGURE  59  COMPARISON  BETWEEN  MIL-H-5606B  AND 
MIL-H-83282  IN  THE  SHORT  LINE  TEST 
CIRCUIT  MEASURED  FREQUENCY  RESPONSE 
F-15  PUMP  VERIFICATION  TEST  -SHORT  LINE 
MIL-H-5606B  AND  MIL-H-83282 
3000  PSI.  130“F.  2 CPM 

Air  Force  Materials  Laboratory  lAFML) 

Isothermal  secant  bulk  modulus  was  measured  at  100“F  for 
pressures  from  0 - 10,000  psl  at  Penn  State  University  under  an 
Aft  Force  contract.  The  AFML  used  Penn  State  data  from  four  samples 
of  early  formulations  of  the  83282  fluid  to  compute  adiabatic 
tangent  bulk  modulus  for  various  temperatures  and  pressures.  Values 
computed  by  the  AFML  were  published  in  Ref  (a). 
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National  Research  Council  (NRC)  of  Canada 

Adiabatic  tangent  bulk  modulus  Is  determined  directly  from  acoustic 
velocity  measurements.  NRC  data  for  MIL-H-83282A  (Hanover  Chemical  Co.) 
and  red  oil  (sample  unknown)  are  presented  In  Figure  60.  Table  1 
compares  computed  results  with  the  two  oils  using  various  data  sources 
for  adiabatic  tangent  bulk  modulus.  Computed  frequency  response  Is 
compared  to  the  measured  response  for  the  resonant  speed  In  the 
3600-4200  rpm  range.  Predicted  resonant  speed  Is  more  accurate 
with  the  NRC  data  for  MIL-H-83282A  oil,  l.e.  about  100  rpm  high  at 
130®F.  Predicted  resonant  speed  using  the  red  oil  bulk  data  (NRC) 
for  MIL-H-83282A  Is  only  50  rpm  higher  than  the  measured  value  at  130°F. 

In  May  1976  there  were  four  approved  suppliers  for  MIL-H-83282A 
fluid;  Mobil,  Royal,  Hanover,  Bray.  MCAIR  verifications  tests  have 
been  run  so  far  with  the  Royal  fluid.  The  MCAIR  hydraulics  lab  a] so 
has  Mobil  fluid  In  stock.  Until  new  data  Is  available  on  MIL-H-83282A 
fluid,  red  oil  bulk  data  (NRC)  Is  recommended  for  HSFR  analysis. 


MI.O  7261  AND  M1I.-H-5606 
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TABLt  1 


COMPARISON  OF  FRFQl'ENCY  RESPONSE 
PREDICTIONS  WITH  VARIOUS  BULK 
MODULUS  DATA 


Kesonant  Speed/Anplitude  (RPM/PSI) 


M1L-H-5606B 

130*F 

210‘'F 

TEST 

3850  rpm/410  pal 

3525  rpni/320  p 

COMPUTED 

NRC  daCa 

bulk  oodulufi 

3900  /540 

(223,000  psl) 

3500  /310 

(173,000  psl) 

MIL-H-83282A 

TEST 

3900  /360 

3600  /250 

COMPUTED 

AFML  data 

4150  /600 

(250,000  psl) 

3850  /480 

(195,000  psl) 

NRC  data 

4000  /420 

(232,000) 

3750  /540 

(184,000) 

NRC  data 

for  MlL"n-5606B 

3950  /5fi0 

(223,000  psi) 

3650  7480 

(173,000  psl) 

(5)  MIL-H-83282A/Trotnbone  System  Tests  - Figure  61  compares  computed 
and  measured  peak  pressure  pulsations  in  the  trombone  system  at  the 
inlet  to  element  number  5,  i.e.,  PI  in  Figure  48.  The  error  in 
predicted  frequency  is  the  same  as  for  MIL-H-83282A  fluid  in  the  9 ft. 
system.  Predicted  amplitude  is  about  90%  aboye  the  measured  value 
for  the  3rd  resonant  frequency. 


KICURK  61  COMPUTED  VS.  MPA3URED  PI  PRESSURE  FREQUENCY  RESPONSE 
F-15  PUMP  VERIMCATION  TEST  - SHORT  LINE 
MTL-H-5606B  DATA  PER  NRC  OF  CANADA 
]()UO  PSl.  2 1(i°K,  ().'>  CPM 
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Figure  62  shows  computed  and  measured  pressure  at  the  closed 
end  of  the  test  section.  Results  are  consistent  with  those  on  the 
other  test  system  and  at  the  PI  Jocation.  Axial  acceleration 
levels  at  the  closed  end  of  the  circuit  were  measured  to  verify 
the  assumption  that  dynamic  flow  is  tero  at  the  end  of  n closed 
branch.  Accelerometer  (Al)  readings  are  shown  in  Figure  63.  Axial 
"g"  level  was  less  than  12  g's  at  the  resonant  speed  of  3550  rpm. 


FIGURE  62  COMPUTED  VS  MEASURED  P6  PRESSURE 


FREQUENCY  RESPONSE 

F-15  PUMP  VERIFICATION-TROMBONE 

MIL-H-83282  DATA  PER  AFML-TR-73-81 

3000  PSI,  210'’F,  0.5  GPM 

CLOSED  END  OF  TROMBONE 


c . CONCLUSIONS 

1)  System  resonant  frequency  locations  predicted  by  the  HSFR  program 

are  accurate  within  about  2%  (100  rpm  in  5000  rpm)  for  a simple  short  line 
system. 

2)  Predicted  amplitude  of  oscillating  pressure  at  system  resonant  frequencies 
range  from  0 to  30%  high,  l.e.  above  actual  measured  pressure  pulsations. 

3)  The  accuracy  of  predicted  pressure  amplitude  at  system  resonant  frequencies 
decreases  for  2nd  and  higher  harmonics  of  the  pumping  frequency. 
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I'lGL'RE  63  F-15  HYDRAULIC  PUMP 

RUN  79  TROMBONE  SYSTEM-MIL-H-83282A 
7.7  CIS,  102°F 


4)  Predicted  and  measured  amplitudes  of  resonant  pressure  level  decreased 
with  increasing  steady  state  flow  from  0 to  10  gpm  in  the  simple  short  line 
test  circuit.  Reduced  reflections  at  the  load  valve  as  flow  was  increased 
resulted  in  a net  reduction  of  standing  pressure  wave  amplitude,  even  though 
pump  predicted  pre-compression  characteristics  degrade  with  increasing  flow 
for  a given  shaft  speed.  An  increase  in  pulsations  with  higher  flow,  i.e. 
the  opposite  effect,  is  observed  in  a single  long  line  test  circuit  and  in 
full  scale  iron  bird  systems  comprised  of  multiple  long-line  branches.  Pump 
precompression  is  apparently  more  significant  to  pulsation  levels  than  is 
the  change  in  dynamic  load  with  Increasing  flow  in  a long  line  multibranch 
system. 

5)  Resonant  frequency  locations  were  unaffected  by  the  pump  steady  state 
flow  level  from  0 to  10  gpm  in  the  short  line  test  system. 

6)  An  80°  increase  in  oil  temperature  decreased  the  system  resonant  frequency 
locations  by  about  400  rpm  (pump  shaft  speed) . 

7)  The  Internal  outlet  passages  of  the  F-15  pump  port  ccp  and  manifold 
should  be  modeled  as  lengths  of  line  (outlet  si^e)  rathei  thau  as  a lumped 
volume . 
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8)  The  use  of  adalbfttic  bulk  modulus  decs  for  MIL~H-3606B  hydraulic  fluid 
lo  recommended  when  performing  KSFR  analysis  tif  systems  using  If IL~H*  8i;282A 
fluid.  The  FLUID  subroutine  is  currently  programmed  in  this  manner. 

9)  The  HSFR  program/PUMP  subroutine  can  be  us'^jd  effectively  to  study 

pump  hanger  torque,  port  plate  valve  timing,  end  piston  cylinder  cavitation 
characteristics.  Model  predictions  indicate  that  the  F-IS  pump  has  good 
overall  precompression  characteristics  throughout  the  operating  range 
of  shaft  speed  and  flow  delivery,  especially  when  considering  the  many 
variables  involved.  Predicted  decompression  results  in  a slight 
cavitation  condition  in  the  cylinder  for  all  flow  rates  up  to  40  gpm. 

Such  a characteristic  is  probably  good  in  that  acoustic  source  energy  in 
the  return  syytein  is  relatively  constant  regardless  of  operating  conditions. 

10)  The  HSFR  program  may  be  used  to  study  resonance  characteristics  of  a 
hydraulic,  suction/return  system.  However,  return  system  frequency  analysis 
was  not  part  of  the  contract  scope,  and  is  not  verified.  The  accuracy  of 
resonant  frequency  predictions  in  the  return  system  should  be  reasonably 
good,  owing  to  the  use  of  the  same  computation  method  and  models  as  are 
used  for  pressure  system  analysis.  The  accuracy  of  predicted  amplitude 

for  return  system  resonance  is  unknown.  Additional  pump  model  development 
may  be  required  to  more  accurately  represent  case  to  cylinder  leakage  during 
the  suction  phase  of  the  barrel  revolution. 

2.  PULSCO  ACOUSTIC  FILTER  MODEL  VERIFICATION 

This  section  covers  the  development  and  verification  of  an  HSFR  computer 
program  model  for  a hydraulic  system  acoustic  filter  designed  and  manufactured 
by  the  PULSCO  Division,  American  Air  Filter  Co.,  Louisville,  Kentucky.  The 
test  unit  is  identified  as  Model  ATP-1,  P/N  206001-003G,  S/N  453.  The  basic 
ATP-1  design  is  sized  for  and  used  in  a 10  gpn  system  on  the  L-1011  commercial 
transport.  Steady  state  AP  is  about  100  psi  at  10  gpm. 

Tests  were  run  in  the  9 ft.  straigh-line  test  circuit  used  for  verifica- 
tion of  the  basic  HSFR  program  and  F-15  pump.  Two  test  unit  locations  were 
used;  unit  mounted  near  the  pump  manifold  outlet  port,  unit  mounted  3 1/2  ft. 
downstream  of  pump  outlet  port. 


A math  model  of  the  PULSCO  device  was  derived  as  shown  in  Figure  64.  The 
unit  Is  represented  as  three  lumped  volumes  and  three  lines,  interconnected  as 
two  parallel  flow  paths.  The  model  Is  derived  by  combining  the  dynamics  of 
three  basic  HSFR  program  elements;  lumped  volumes,  lines,  and  branches.  The 
2x2  matrix  equation  relates  dynamic  pressure  and  flow  across  the  unit.  A 
detailed  derivation  of  the  model  Is  contained  in  the  HSFR  technical  description 
manual,  AFAPL-TR-76~43,  Vol.  IV. 

The  math  model  technique  is  the  same  as  used  for  the  Quincke  tube  model 
(WHEQUT  subroutine). 
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FIGURE  64  PULSCO  HYDRAULIC  ACOUSTIC  FILTER 
COMPUTER  MODEL  FOR  HSFR  PROGRAM 


Figure  65  is  a simplified  schematic  of  the  verification  test  set-up  show- 
ing the  two  PULSCO  unit  locations  for  which  tests  were  run.  Tests  were  run 
with  MIL-H-83282A  fluid.  Figure  66  is  a listing  of  innut  data  for  the  test 
set-up  with  the  PULSCO  unit  in  the  upstream  position. 

Design  cut-off  frequency  for  the  ATP-1  is  800  Hz  (5333  rpm) . Cut-off 
frequency  is  defined  as  the  frequency  above  which  attenuation  of  pressure 
pulsations  is  90%  or  higher,  i.e.,  the  pressure  pulsation  level  transmitted 
downstream  of  the  unit  is  less  than  10%  of  the  input  level.  Direct  verifica- 
tion of  this  characteristic  would  require  testing  of  the  PULSCO  unit  in  a 
circuit  with  a low  termination  impedance,  i.e.,  minimum  reflecting  at  the 
termination. 
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FIGURE  65  PULSCO  ACOUSTIC  FILTER  FREQUENCY 
VERIFICATION  TEST  SET-UP 
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FIGURE  66  HSFR  INPUT  DATA  FOR  PULSCO  TEST  CIRCUli 
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The  MCAIR  verification  effort  demonstrated  the  net  effect  of  the  PULSCO 
unit  in  the  basic  short  line  (9  ft)  HSFR  test  circuit.  Termination  impedance 
at  the  load  valve  is  relatively  high,  and  better  simulates  a real  hydraulic 
system  where  a downstream  pressure  filter /manifold  results  in  major  reflections 
of  incident  pressure  pulsations. 


a.  Test  Results  and  Model  Verification  - Figure  67  shows  the  basic 
response  of  the  basic  9 ft.  test  circuit,  as  shown  and  discussed  In 
Paragraph  l.a.  Measured  resonances  occurred  at  pump  speeds  of  approxi- 
mately 1350,  2600,  and  3900  rpm.  Peak  standing  wave  pressure  at  the 
3900  rpm  resonance  speed  Is  about  525  psl. 
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FIGURE  67  COMPUTED  VS.  MEASURED  PI  PRESSURE 
FREQUENCY  RESPONSE 

F-15  PUMP  VERIFICATION  TEST  - SHORT  LINE 
MIL-H-83282  DATA  PER  AFML-TR-73-81 
3000  PSI,  130°?,  2 GPM 

Figure  68  shows  an  overplot  of  predicted  and  measured  pressure  pulsa- 
tions (fundamental  frequency)  at  the  pump  port  plate  outlet  with  the  PULSCO 
unit  installed  close  to  the  pump  In  the  same  9 ft.  test  circuit.  Fluid  tem- 
perature was  130  F,  and  steady  state  flow  was  2 gpm.  Predicted  response  Is 
based  on  adaibatlc  bulk  modulus  data  for  MIL-H-5606B  (See  Paragraph  1). 

By  comparing  Figures  67  and  68,  the  PULSCO  device  obviously  alters 
the  acoustics  of  the  test  circuit.  Resonant  frequency  location  is  shifted 
and  maximum  pulsation  levels  are  reduced  by  an  order  or  magnitude  (525  psl 
peak  to  < 50  psl  peak),  both  upstream  and  downstream  of  the  test  unit. 

Reduction  in  measured  pulsation  levels  occurs  for  pump  speeds  from 
1000  to  5000  rpm.  Figure  69  shows  the  same  comparison  of  predicted  and 
measured  response  with  the  PULSCO  unit  at  the  downstream  location.  The 
pulsations  are  reduced  significantly  from  the  basic  circuit,  although  not 
as  much  at  the  upstream  position  (1/4  vs  1/10). 
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FIGURE  68  PULSCO  FREQUENCY  VERIFICATION  PUMP  OUTLET  PRESSURE 
CONFIGURATION  I (UPSTREAM  LOCATION) 

3000  PSI,  130°F,  2 GPM 


Figure  68  shows  that  predicted  amplitudes  at  the  pump  outlet  are  good 
for  pump  speeds  above  about  60%  of  the  design  cutoff  (5333  rpm) . By  exami- 
ning computer  plots  for  several  locations,  low  amplitude  resonances  were 
predicted  at  pump  speeds  of  850,  1650,  2650,  3100,  and  4500  rpm.  Analog 
plots  of  measured  data  show  resonances  at  1000,  1600,  2800,  and  4400  rpm. 
Maximum  peak  pressure  In  the  test  circuit  over  the  speed  range  is  55  psi 
(1600  rpm).  Predicted  amplitudes  at  the  lower  frequencies  are  considerably 
higher  than  measured  values. 

Note  that  resonance  points  are  different  than  for  the  basic  circuit 
without  the  PULSCO  unit. 

Figure  69  shows  that  the  location  of  PULSCO  unit  relative  to  the  pump 
Is  significant.  It  is  less  effective  at  the  downstream  location  partic- 
ularly for  speeds  below  the  60%  cutoff  value.  Resonances  are  predicted 
at  750,  2050,  2650,  3100,  and  4450  rpm.  Resonances  were  measured  at 
1300,  2050,  2400,  3200,  and  4300  rpm.  Measured  amplitudes  are  still 

< 100  psl  above  the  60%  cutoff  speed  (3200  rpm).  Maximjm  amplitudes  at 

< 60%  of  cutoff  speed  is  150  psi.  Amplitude  attenuation  Is  evident  for 
pump  speeds  above  3200  rpm.  Pressures  downstream  of  the  unit  are  less 
than  40  psl,  while  upstream  pressures  range  up  to  150  psi.  Predicted 
maximum  amplitudes  are  180  psi  downstream  and  350  psi  upstream. 
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P 1 PEAK  PRESSURE  ■ LB/IN.^  vs  PUMP  RPM  FOR  HARMONIC  NUMBER  1 

FICURE  69  PULSCO  FREQUENCY  VERIFICATION  PUMP  OUTLET  PRESSURE 
CONFIGURATION  II  (DOWNSTREAM  LOCATION) 


Figure  70  compares  predicted  peak  pressure  pulsations  for  the  basic 
9 ft.  test  system,  a volume  element  at  the  pump,  and  the  PULSCO  element 
at  the  pump.  The  volume  was  equivalent  to  the  total  volume  of  the  PULSCO 
unit,  10  in^.  This  comparison  shows  the  significant  effect  of  the  PULSCO 
design  over  a simple  volume.  Maximum  attenuation  agrees  with  the  design 
cutoff  frequency  (5333  rpm) . The  apparent  natural  frequency  of  the  unit 
is  about  2X  cutoff  (approximately  10,500  rpm).  Figure  71  compares  pre- 
dicted circuit  response  with  the  PULSCO  test  unit,  two  scaled  up  sizes  of 
the  test  unit,  and  a large  commercial  PULSCO  unit  (ATP-6)  used  in  the 
transient  model  test  circuit.  All  are  effective  in  the  using  range  to 
5000  rpm,  and  unit  natural  frequency  decreases  with  increasing  size. 

The  effectiveness  of  the  PULSCO  unit  was  also  verified  in  a real 
system  (F-15  iron  bird  left  utility  system)  under  a separate  effort.  The 
unit  was  Installed  as  near  the  pump  as  possible.  Figures  72  and  73  com- 
pare the  actual  system  pressure  pulsations  before  and  after  installing  the 
PULSCO  unit.  Results  are  consistent  with  the  bench  test  verification  results, 
b.  Conclusions  - The  HSFR  computer  program  and  the  model  of  the  PULSCO 
acoustic  filter  can  provide  useful  predictions  of  circuit  frequency 
response  when  the  PULSCO  unit  is  installed  in  a simple  short  line  system. 

Prediction  of  maximum  pulsation  amplitudes  is  good  for  circuit 
resonant  frequencies  above  about  603!  of  the  attenuator  design  cutoff  fre- 
quency. Predicted  amplitudes  for  circuit  resonances  below  60%  of  cutoff 
.'ire  several  times  measured  levels. 
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FIGURE  70  PULSCO  FREQUENCY  VERIFICATION  COMPUTED 
PUMP  OUTLET  PRESSURE 
CONFIGURATION  I 


FIGURE  71  PULSCO  FREQUENCY  VERIFICATION  COMPUTED 
PUMP  OUTLET  PRESSURE 
CONFIGURATION  I 
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FIGURE  72  F-15  IRON  BIRD  - LEFT  UTILITY  SYSTEM 
TOTAL  LINE  ACCELERATION 
18.5  IN.  LOCATION  - RIGHT  PUMP  OFF 


PUMP  SPEED  - RPM 

FIGURE  73  F-15  IRON  BIRD  - LEFT  UTILITY  SYSTEM 

TOTAL  PRESSURE  PULSATIONS 
26.5  IN.  LOCATION  - RIGHT  PUMP  OFF 


5.  F-15  UTILITY  FILTER  MANIFOLD  VERIFICATION 


This  section  covers  verification  testing  of  the  HSFR  filter  model. 

Figure  74  shows  the  test  circuit  schematic.  A pressure  filter  In  the  main 
supply  line  is  usually  the  first  point  in  the  hydraulic  system  for  major 
acoustic  reflections.  Proper  simulation  of  the  filter  is  therefore  quite 
important  in  predicting  the  standing  pressure  wave  in  the  system  upstream  and 
downstream  of  the  filter. 

The  test  filter  consisted  of  a production  unit  as  Installed  in  a F-15 
utility  system  manifold  (S/N  Q103) . The  manifold  inlet  check  valve  was  removed. 
The  trombone  section  was  Included  in  the  doimstream  circuit  so  that  the  impe- 
dance of  the  circuit  downstream  of  the  filter  could  be  varied.  Test  fluid  was 
MIL-H-83282A  hydraulic  oil. 
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Figure  75  shows  the  Input  data  used  to  model  the  filter  test  circuit  for 
run  68-09.  The  filter  is  represented  as  a lumped  volume.  Volume  with  the 
filter  element  installed  was  measured  at  12.82  In^. 

Figures  76,  77,  and  78  show  typical  recorded  data  for  three  test  condi- 
tions. Fundamental  and  total  pulsation  pressure  response  is  shown  in  each 
figure. 

Figures  79  through  82  compare  predicted  and  measured  standing  wave  plots 
in  the  test  circuit. 

Figures  79  and  80  show  comparisons  for  lower  frequency  resonances  at  oil 
temperatures  of  lOO^F  and  210°F,  respectively.  In  both  cases,  the  filter  was 
located  near  to  the  maximum  pressure  of  the  standing  wave  by  adjusting  the 
manifold  outlet  total  length  to  75  3/4  inches.  Amplitude  correlation  is  good 
for  these  low  frequency  resonances.  The  standing  wave  shape  is  maintained 
across  the  filter.  Test  data  indicates  some  distortion  of  the  wave  across  the 
"T".  The  test  and  computed  data  are  plotted  against  axial  line  lengths  as 
measured  to  the  center  of  the  "T". 
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Figure  81  compares  standing  waves  for  a higher  resonant  frequency  of 
3500  rpra  at  100°F.  Predicted  amplitudes  are  several  times  higher  than  measured 
values. 

Figure  82  plots  the  standing  wave  for  a system  resonance  at  a pump  speed 
of  4550  rpm,  and  an  oil  temperature  of  210°?.  For  this  resonant  frequency, 
the  filter  is  at  or  near  a mln5.mum  pressure  (maximum  flow)  point.  This  was 
achieved  with  a manifold  outlet  to  trombone  tube  length  of  31  Inches  (Fig- 
ure 74).  Predicted  resonant  frequency  was  4800  rpm.  Both  measured  and  pre- 
dicted results  show  a significant  reduction  of  pulsation  amplitude  across  the 
filter.  However,  computed  amplitudes  are  2 to  3 times  higher  than  measured 
values. 

Resonant  frequencies  are  generally  somewhat  more  in  error  than  that 
typically  predicted  for  a simple  straight  line  circuit,  and  may  be  due  to 
inaccurate  representation  of  internal  passages  in  the  filter  manifold.  The 
high  amplitude  error  at  the  higher  frequency  appears  to  be  associated  with  pump 
speed,  not  temperature. 
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FIGURE  82  F-15  FILTER  MANIFOLD  VERIFICATION  TEST 
STANDING  PRESSURE  WAVE 
MIL-H-83282,  210'F,  2 GPM 
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4.  F-4  KESONATOR  VERIFICATION  TESTS 

The  lumped  volume  type  resonator  used  on  the  F-4  hydraulic  pumps  was 
installed  and  tested  In  two  different  positions  in  the  HSFR  test  circuit. 
Figure  83  shows  the  test  circuit  schematic  for  each  resonator  location. 


UPSTREAM  POSITION 

Note:  All  dimensions  in  inches 


FIGURE  83  r-H  RESONATOR 

’’SFR  VERIFICATION  TEST  SETUP 


Figure  84  shows  the  computer  Input  data  used  for  simulating  the  test  circuit 
witn  the  upstream  resonator  location.  The  resonator  is  simulated  as  a lumped 
volume  at  the  end  of  a short  branch  line. 

Figures  85  and  86  shows  typical  fundamental  frequency  response  in  the 
test  circuits  for  upstream  and  downstream  resonator  locations. 

Figures  87  and  88  compare  computed  and  measured  standing  pressure  waves 
for  a circuit  resonant  condition  at  each  resonator  location.  Amplitude  pre- 
dictions are  not  consistent  upstream  and  downstream  of  the  resonator  for  the 
downstream  installation  (Figure  88).  Pulsations  downstream  of  the  resonator 
are  about  the  same  (200-250  pslp)  for  both  locations.  However,  the  downstream 
location  results  in  significantly  higher  pulsations  between  the  pump  and 
resonator. 

Figures  89  and  90  show  standing  wave  peak  pressures  In  the  test  circuits 
for  the  fundamental  frequency.  Resonant  frequency  prediction  is  good. 
Amplitude  predictions  vary  from  low  to  high,  but  the  error  is  considerably 
less  than  for  filter  and  hose  tests. 
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FIGURE  90  F-4  RESONA'^OR 

UPSTREAM  POSITION 

M/VXIMUM  FUNDAMENTAL  PEAK  RESPONSE  IN  TEST  CIRCUIT 
MIL-H-83282.  IICF 


5.  FLEXIBLE  HOSE  VERIFICATION 

Figure  91  shows  the  test  circuit  schematics  for  verification  tests  of  a 
1 inch  flexible  hose  at  two  different  locations  in  the  test  circuit.  The  test 
unit  was  a Resistoflex  steel  braided  hose,  P/N  R/44597A020AHK,  20  inches  in 
length.  Static  measuren.ents  of  equivalent  bulk  modulus  were  made  on  the  hose 
test  specimen.  These  data  are  plotted  in  Figure  92  as  total  volume  change  vs. 
pressure.  Total  effective  bulk  modulus  of  the  hose  and  oil  is  approxlmatley 

= AP-V  3100(124) 
e AV  “ 4.69 

= 81,962  psl. 
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DOWNSTREAM  LOCATION 


Note:  All  dimensions  in  inches 


l-ICl'Kl'  91.  lISFR  HOSE  VERIFICATION  TEST  CIRCUITS 


PRESSURE -PSIG 

FIGURE  92.  BULK  MODULUS  OF  ONE  HIGH  FLEX  HOSE 
MEASURED  WITH 

MIL-H-83282  FLUID  ST"  75°F 

Line  subroutine  models  a hose  as  a line  with  a local  acoustic  velocity 
based  simply  on  the  effective  hose  bulk  modulus.  The  above  estimate  of  effec- 
tive hose  bulk  modulus  is  based  on  an  average  volumetric  change  from  0 to 
3100  psi  and  could  be  considered  as  Isothermal  secant  value.  The  HSFR  program 
typically  uses  adaibatic  bulk  modulus  for  the  fluid  with  modifications  to 
acoustic  velocity  for  line  wall  material  elasticity  and  mounting.  However, 
the  choice  of  a modulus  value  for  hose  simulation  is  academic  considering  the 
difficulty  of  statically  measuring  hose  modulus,  in  addition  to  inherent  dif- 
ferences in  static  and  dynamic  hose  response. 

Figure  93  shows  the  Input  data  used  for  simulation  of  the  circuit  with 
the  upstream  hose  location.  The  hose  was  modeled  as  a lumped  volume  at  the 
middle  of  the  hose  length  in  the  example  data. 

Figure  94  shows  measured  and  computed  maximum  first  harmonic  peak 
response  in  a straight,  1 inch  diameter  x 128  Inches  long  line  circuit. 
Frequency  predictions  are  quite  accurate.  However,  predicted  amplitudes  at 
resonant  frequencies  are  all  much  lower  than  measured  values. 
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Figures  95  and  96  show  typical  measurements  of  fundamental  frequency  peak 
pressure  response  in  the  test  circuit  for  upstream  and  downstream  hose  loca- 
tions, respectively. 

Figure  97  compares  peak  circuit  response  with  the  hose  located  near  the 
pump  outlet.  The  hose  results  in  a significant  reduction  of  pulsation  pressure 
amplitudes  from  those  of  a straight  line  (600  psip  vs  150  psip).  The  hose  cir- 
cuit has  several  low  level  resonances  at  the  lower  frequencies  which  do  not 
appear  in  the  straight  line  Circuit.  This  indicates  that  the  hose  is  acting 
as  a reflection  point,  an  effect  which  is  not  predicted. 

Pressure  predicted  with  the  measured  hose  bulk  modulus  (81,962  psi)  do 
not  reflect  the  reduced  pressures.  Lower  amplitudes  (200  psip)  are  predicted 
using  a bulk  value  of  10,000  psi,  however  significant  resonant  frequency  errors 
remain,  as  well  as  a high  amplitude  error  at  the  higher  frequency.  The  high 
predicted  amplitudes  are  similar  to  the  errors  in  predictions  at  the  higher 
speeds  in  the  filter  verification  test. 


FIGURE  95.  STEEL  BRAIDED  HOSE  UPSTREAM  LOCATION 
74~01-PP  FUNDAMENTAL 
2 GPM  130“F 
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Figure  98  compares  peak  circuit  responses  for  the  hose  located  in  the 
downstream  position.  Errors  in  predicted  amplitudes  are  about  the  same  as 
for  the  upstream  position.  Double  resonance  points  are  evident,  probably 
resulting  from  two  lengths  in  the  circuit;  pump  to  hose,  hose  to  valve. 
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FI^l'RE  08.  MAXIMUM  FUNDAMENTAL  PEAK  RESPONSE  IN  TEST  CIRCUIT  HOSE  DOWNSTREAM  POSITION 
MlL-H-83282  130'F  2 GPM 

Several  factors  were  investigated  in  an  attempt  to  explain  the  large 
errors  in  predicted  amplitudes  for  the  hose  circuit  at  higher  speed  resonances 
(2500  to  5000  rpm) . Large  variations  in  predicted  pulsation  amplitude  can  be 
effected  by  varying  the  hose  equivalent  bulk  modulus.  Values  of  1000,  10,000, 

81,962,  and  1,800,000  psl  were  used.  Low  values  of  bulk  modulus  reduce  ampli- 
tudes, but  produce  large  errors  in  predicted  resonant  frequency  by  increasing 
the  number  of  resonant  responses,  l.e.,  lowering  the  natural  frequency  of  the 
c i rcuit . 

The  hose  was  modeled  as  lumped  volumes  of  12  in^  (actual)  and  20  in^  at 
its  center,  and  12  in^  at  the  downstream  end  of  the  hose.  Large  amplitude 
error.-)  at  the  higher  speed  resonances  remained,  however  resonant  frequency 
predictions  were  not  altered  significantly  (300  rpm). 
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The  effect  of  pump  pre~compre8slon  was  examined.  Pre-compressed  cylinder 
pressure  was  varied  by  changing  Che  estimated  leakage  during  pre-compression 


in  the  PUMP  subroutine. 

Fre-Compressed 

Pressure 

Resonant 

Speed 

Change  In  Predicted 
Pulsation  Amplitude 

1000  to  2000  psl 

1175  rpm 

+ 10% 

1600  to  2800  psl 

2600  rpm 

+ 5% 

1900  to  3040  psl 

3750  rpm 

± 10!®^ 

2100  to  3120  psl 

4800  rpm 

+ 10% 

Resonant  frequency  prediction  was  not  effected  by  pre- compression  pressure. 

6.  JET  FUEL  STARTER  (JFS)  ACCUMULATOR  VERIFICATION 

Figure  99  shows  the  test  circuit  schematic  for  each  of  the  two  accumula- 
tor locations  tested.  The  JFS  accumulator  was  Installed  on  a "T"  branch  off 
the  main  supply  line.  Gas  pre-charge  was  1500  pslg.  Estimated  accumulator 
piston  weight  Is  9.26  lbs  (.024  Ibs-sec^/ln) . 

Figure  100  Illustrates  Che  Input  data  used  for  modeling  the  test  circuit 
with  the  accumulator  In  the  upstream  position.  Figure  101  shows  a typical 
fundamental  frequency  pressure  response  In  this  modeled  test  circuit  as  a 
function  of  pump  speed.  Figure  102  plots  the  maximum  peak  pressure  responses 
measured  In  Che  circuit  and  compares  them  to  the  computed  values.  Resonant 
frequency  predictions  are  very  good.  However,  amplitude  predictions  range 
from  very  high  (1900  rpm) , to  close  (2700  rpm) , to  low  (4150  rpm) . Ampli- 
tudes are  somewhat  lower  than  In  Che  basic  straight  line  circuit  (Figure  94) 
particularly  at  the  lower  resonant  frequencies. 

Amplitudes  are  approximately  the  same  upstream  and  downstream  of  the 
accumulator  "T".  Resonant  frequency  location  and  separation  are  shifted  from 
uniform  1200  rpm  separation  of  the  straight  line  configuration. 

Figure  103  shows  a typical  fundamental  respons(  meau^^red  In  the  circuit 
with  the  accumulator  located  downstream.  Amplitudes  are  about  the  same  as  with 
the  upstream  position.  However  the  wide  separation  In  resonant  frequencies 
occurs  between  Che  lat  and  2nd  response  rather  than  the  2nd  and  3rd.  Figure 
104  plots  the  maximum  peak  pressure  responses  In  the  circuit  (downstream  loca- 
tion) and  compares  them  to  the  computed  values.  Resonant  frequency  predictions 
are  accurate  as  with  the  other  circuit.  However,  amplitudes  predictions  are  in 
error  by  about  the  same  amount. 


UPSTREAM  LOCATION 


SUCTION 


TO  RETURN 


■20.25 


•285.13 


mHM — c 

AN834-16  BULKHEAD  TEE  \ 

AN894-16*12  BUSHING 
P2  (ROVING  TRANSDUCER) 


5.37 


JFS  ACCUMULATOR 
92.50 


Note:  All  dimensions  in  inches 


DOWNSTREAM  LOCATION 


Note:  All  dimensions  in  inches 


FIGURE  99.  JFS  ACCUMULATOR  TEST  CIRCUITS 
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FIGURE  100.  HSKK  INPUT  DATA  FOR  JFS  ACCUMULATOR  VERIFICATION 
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FIGURE  104.  MAXIMUM  FUNDAMENTAL  PEAK  RESPONSE  IN  TEST  CIRCUIT 
F-15  JFS  ACCUMULATOR-DOWNSTREAM  POSITION 
MIL-H-83282  130"F 

7.  HSFR  - SUMMARY  AND  CONCLUSIONS 

1)  System  resonant  frequencies  predicted  by  the  HSFR  program  for  a simple 
short  line  system  are  accurate  within  about  2%  - 4%  (100  rpm  from  2500  to 
5000  rpm).  Resonant  frequency  locations  with  the  F-4  Helmholz  resonator, 
JFS  accumulator,  PULSCO  attenuator,  and  F-15  utility  filter  manifold 
circuit  configurations  were  also  predicted  with  2 - 4%  accuracy.  Predic- 
tions of  resonant  frequencies  In  the  hose  circuit  were  less  accurate 

(10  - 15%)  and  failed  to  show  all  of  the  resonances  in  the  circuit. 

2)  Predicted  amplitudes  of  peak  pressure  pulsations  at  system  resonant 
frequencies  are  30  to  50%  lower  than  values  measured  in  the  short  straight 
line  system.  The  accuracy  of  amplitudes  predicted  in  the  filter  circuit 
are  about  + 30Z  at  the  lower  resonant  frequencies  (2200  rpm).  However, 
predicted  amplitudes  In  the  filter  circuit  are  200  to  JOOX  high  at  the 
higher  resonant  frequencies  (3500,  4650  rpm). 

Amplitude  predictions  are  consistently  high  (0  to  400!£)  for  the  hose 
circuit,  with  an  apparent  frequency  dependent  characteristic,  similar  to 
the  filter  circuit.  Amplitude  predictions  were  relatively  good  (+  30%) 
for  the  F-4  resonator  circuit,  and  poor  for  the  JFS  accumulator  circuit 
with  no  apparent  frequency  dependence. 

3)  Predicted  and  measured  amplitudes  of  resonant  pressure  level  decreased 
with  Increasing  steady  state  flow  from  0 to  20  gpm  in  the  simple  short 
line  test  circuit.  Reduced  reflections  at  the  terminating  load  valve  as 
flow  increases  results  in  a net  reduction  of  the  standing  pressure  wave 
amplitude,  even  though  predicted  pump  pre-compression  characteristics 
degrade  slightly  with  Increasing  flow  for  a given  shaft  speed.  An 
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Increase  In  pulsations  with  higher  flow,  l.e. , the  opposite  effect,  Is 
observed  In  a single  long  line  test  circuit  and  In  full  scale  Iron  bird 
systems  comprised  of  multiple  long-line  branches.  Pump  pre-compression 
may  be  more  significant  to  pulsation  levels  than  Is  Che  change  In  dynamic 
load  with  Increasing  flow  In  a long-line  muitlbranch  system. 

Resonant  frequency  locations  are  unaffected  by  varying  pump  steady 
state  flow  level  from  0 to  10  gpm  In  the  short  line  test  system. 

4)  The  HSFR  program  and  the  model  of  the  PULSCO  acoustic  filter  provided 
useful  predictions  of  circuit  frequency  response  when  the  PULSCO  unit  is 
Installed  in  a simple  short  line  system.  Prediction  of  maximum  pulsation 
amplitudes  is  good  for  circuit  resonant  frequencies  above  about  60%  of 
the  attenuator  design  cutoff  frequency,  but  Is  several  times  measured 
values  for  circuit  resonances  below  60%  of  cutoff  levels. 

5)  The  accuracy  of  predicted  pressure  amplitude  at  system  resonant  fre- 
quencies decreases  at  harmonics  of  the  pumping  frequency. 

6)  An  80®F  Increase  In  oil  temperature  decreased  the  system  resonant 
frequency  locations  by  about  400  rpm  (pump  shaft  speed). 

7)  Internal  outlet  passages  of  the  F-15  pump  port  cap  and  manifold  should 
be  modeled  as  lengths  of  line  (outlet  size)  rather  than  as  a lumped 
volume . 

8)  Table  2 compares  the  overall  pressure  pulsation  characteristics 
measured  In  the  straight  line  test  circuit  with  the  various  components 
installed. 


TABLE  2 

COMPARISON  OF  MEASURED  PRESSURE  PULSATIONS  WITH  VARIOUS 
TEST  CIRCUIT  CONFIGURATI ONS 


TEST  CIRCUIT 

NUMBER  OF 

MAX  PULSATION  IN 

CONFIGURATION 

RESONANCES 

CIRCUIT  (130'F) 

(2000-5000  RPM) 

(2000-5000  RPM) 

Short  Straight  Circuit 
(1  In  00  X 9 ft) 

3 

770  psip 

PULSCO  Filter  (APT-1) 

o upstream  Location  (at  pump 

0 

40  palp 

« ^ ...  manifold) 

o Dovmatream  Location 

1 

150  psip 

Hose  (1  in.  OD  x 20  In) 

o Upstream  Location 

3 

180  psip 

o Downstream  Location 

4 

l&O  psip 

Filter  (F-15  Manifold) 

2 

300  psip 

F-A  Helmholz  Resonator 

o upstream  Location 

3 

300  psip 

o Downstream  Location 

3 

670  psip 

JFS  Accumulator  (215  in^) 

o Upstream  Location 

3 

490  psip 

o Downstream  Location 

2 

700  psip 
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The  small  (10  gpm)  PULSCO  acoustic  filter  was  the  most  effective 
device  in  reducing  pressure  pulsations  over  the  full  range  of  hydraulic 
pump  operating  speeds.  Pulsations  were  reduced  by  an  order  of  magnitude 
(770  psip  to  40  psip).  Similar  performance  was  verified  with  the  PULSCO 
unit  installed  in  the  F-15  iron  bird  utility  system.  The  20  inch  hose 
produced  a significant  reduction  in  amplitudes  (770  psip  to  180  psip), 

independent  of  its  location  in  the  circuit.  The  filter  and  F-4  resonator 
were  effective  to  lesser  degrees.  The  large  accumulator  (JFS)  has  rela- 
tively little  effect  on  circuit  pulsation  level,  particularly  at  the 
downstream  location.  Significant  changes  in  resonant  frequencies  occurred 
with  different  accumulator  locations  in  the  circuit.  The  large  piston 
mass  and/or  non-flow  through  installation  (tee)  reduced  its  effectiveness. 

9)  PULSCO  and  F-4  Helmholz  acoustic  units  are  the  most  effective  when 
Installed  close  to  the  pump.  Locating  the  F-4  resonator  or  filter 
several  feet  downstream  of  the  pump  retains  high  pulsations  upstream  of 
the  unit,  although  significant  attenuation  of  pulsations  downstream  of 
the  unit  are  achieved. 

10)  The  HSFR  program/PUMP  subroutine  can  be  used  effec.:lvely  to  study 
pump  hanger  torque,  port  plate  valve  timing,  and  piston  cylinder  cavita- 
tion characteristics.  Model  predictions  indicate  that  the  F-15  pump  has 
good  overall  pre-compression  characteristics  throughout  the  operating 
range  of  shaft  speed  and  flow  delivery.  Predicted  decompression  shows  a 
slight  cavitation  condition  in  the  cylinder  for  all  flow  rates  up  to 

40  gpm. 

11)  The  HSFR  program  may  be  used  to  study  resonance  characteristics  of  a 
hydraulic  suction/return  system.  However,  return  system  frequency 
analysis  was  not  part  of  the  contract  scope,  and  is  not  verified. 

Resonant  frequency  predictions  in  the  return  system  should  be  reasonably 
good,  owing  to  the  use  of  the  same  computation  method  and  models  as  are 
used  for  pressure  system  analysis.  The  accuracy  of  predicted  pressure 
amplitude  at  return  system  resonances  is  unknown. 

12)  The  importance  of  total  circuit  acoustic  analysis  cannot  be  under- 
estimated. While  an  acoustic  attenuator  may  be  sized  for  a particular 
frequency,  its  installation  will  alter  the  basic  frequency  response  of 
the  circuit.  The  net  effect  of  the  attenuator  or  other  system  change 
can  only  be  evaluated  in  the  circuit,  whether  by  analysis  or  test.  The 
complex  interrelationship  between  the  pump  and  system  dynamic  load  cannot 
be  Ignored  in  the  acoustic  analysis  of  hydraulic  systems. 


SECTION  V 


! 


COMPUTER  SIMULATION  AND  TRANSIENT  TEST  RESULTS 
The  transient  data  obtained  in  the  Dynamics  Laboratory  from  the  test 
bench  shown  in  Figure  105  was  used  in  conjunction  with  the  HYTRAN  computer 
program  to  verify  a mathematical  element  model.  In  general  for  any  one 
element  a minimum  of  six  variables  were  measured  and  recorded.  These 
variables  axe  the  pressures  and  flows  taken  from  the  two  instrumentation 
stations  in  Figure  105.  A portion  of  this  recorded  data  was  used  in  the 
HYTRAN  computer  simulation  of  the  test  run  to  provide  boundary  conditions. 
The  output  from  the  computer  program  was  the  flow  and  pressure  plots  at 
the  recorded  data  points.  The  plots  were  compared  to  the  recorded  data  not 
input  with  the  simulation  and  the  math  model  of  the  element  being  tested 
was  either  corrected  or  verified  from  this  correlation.  To  illustrate 
the  verification  process  the  data  taken  in  the  laboratory  and  the  computer 
simulation  of  the  test  run  is  presented  below  for  a line  element. 


VmU  (Trf.) 


FIGURE  105  STEADY  STATE  AND  TRANSIENT  TEST  BRANCH  HYDRAULIC  SCHEMATIC 
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In  the  testing  of  the  line  element  during  a turn-off  transient  (Figure 
106),  the  transient  is  supplied  by  a fast  valve  (1  msec  typical  closing  time) 
downstream  of  the  line  specimen.  Steady  state  values  of  pressure  and  flow 
are  being  recorded  when  the  valve  is  closed  at  time  tj^.  The  response  to 
the  valve  closure  Is  recorded  on  magnetic  tape  for  P]^,  P2,  P3,  P4,  Qi,  Q4 
and  valve  position.  To  analyze  the  data  it  is  transferred  to  a computer 
data  file  by  the  methods  described  in  Section  III,  Paragraph  2.  Before 
data  can  be  processed  with  the  HYTRAN  program,  the  physical  description  of 
the  test  system  to  be  simulated  Is  input.  For  the  line  model  the  two 
instrumentation  sections  and  the  line  test  specimen  is  all  that  is  required. 
The  pressure  histories  at  the  upstream  (Pj^)  and  downstream  (P4)  end  of  the 
line  test  setup  are  used  as  boundary  conditions  for  the  computer  simulation 
of  the  test  run.  The  HYTRAN  computer  program  calculates  the  flows  and  pres- 
sures for  each  time  step  in  the  transient  analysis  using  the  measured  data  as 
the  line  end  boundary  conditions  as  shown  in  Figure  107. 
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FIGURE  106  RECORDING  A TURN-OFF  TRANSIENT 
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FIGURE  107  INPUT  AND  OUTPUT  OF  COMPUTER  LINE  SBflJLATION 


The  computer  simulation  which  uses  a combination  of  math  models  and 
measured  data  gives  plots  of  flows  and  pressures  in  the  system.  The  plotted 
computer  outputs  were  compared  to  the  recorded  data  which  is  not  input 
with  the  simulation.  For  the  turn  off  run  in  Figure  106  this  would  be  Qj^, 
Q^,  P2  and  F3.  Good  computer  output/test  data  correlation  verifies  the 
model.  Accurate  dynamic  flow  data  is  necessary  to  intelligently  alter 
the  models,  if  that  is  necessary  to  achieve  correlation. 

A different  boundary  condition  can  be  added  to  the  computer  simula- 
tion of  the  simple  line  system  by  inserting  a fast  closing  valve  in  the 
model  downstream  of  the  line  and  using  the  recorded  valve  position  instead 
of  the  line  downstream  pressure  for  input  data.  This  technique  allows  the 
variables  measured  in  the  laboratory  to  completely  define  the  component  of 
interest . 

The  majority  of  the  testing  was  done  at  125  and  210“F  with  flows 
ranging  from  11.55  to  38.5  CIS.  The  percent  of  dissolved  air  In  the 
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hydraulic  fluid  was  less  than  1%  by  volume.  Two  fluids  were  used  in  the 
transient  testing  - MIL-H-5606B  and  MIL-H- 83282.  Any  test  conditions  that 
deviated  from  the  above  are  noted  where  applicable. 

1,  LINE  MODEL  VERIFICATION 

An  analysis  of  the  test  results  obtained  in  the  laboratory  compared 
to  the  HYTRAN  computer  program  line  model  is  presented  in  this  section. 

The  testing  for  the  HYTRAN  line  model  verification  was  performed  on  a 1/2" 
diameter  x 30  ft  long  tube  with  MIL-H-5606E  hydraulic  fluid. 

The  line  subroutine  uses  the  classical  distributed  parameter  wave 
equations  to  model  the  lines.  The  equations  are  solved  using  the  method 
of  characteristics  and  finite  difference  techniques.  The  steady  state 
and  dynamic  friction  subroutines  are  called  to  obtain  the  friction  informa- 
tion for  the  line.  The  dynamic  friction  subroutine  uses  a decaying  func- 
tion of  dQ/dt  to  calculate  the  frequency  dependent  friction. 

a.  HYTRAN  Computer  Simulation  with  Line  Test  Data  - The  most  accurate 
test  of  a computer  simulation  comes  from  inputting  only  the  steady- 
state  boundary  conditions  to  the  program  and  letting  it  predict  the 
resultant  transients  in  the  system  from  a valve  opening  or  closure. 

To  obtain  steady  state  boundary  conditions,  one  has  to  start  at 
places  where  flows  and  pressures  are  known  and  easily  measured,  such 
as  accumulators  and  n servoirs,  to  run  the  simulation.  In  verifying 
the  line  model  it  would  be  unwise  to  include  other  components  into 
the  computer  run  of  the  system,  since  the  effects  of  these  other 
components  may  not  he  completely  understood,  and  their  math  models 
have  not  yet  been  adequately  verified.  Thus  in  the  line  model 
verification  programs  only  lines  and  components  that  have  minor 
effects  on  the  line  simulation  were  used  in  the  computer  program. 

Both  turn-off  and  turn-on  transients  were  compared  to  the  actual 
computer  outputs  by  over-plotting  the  measured  data  on  the  computed 
resultant  graphs. 

For  the  turn-off  transient  simulation,  a fast  closing  valve 
and  a line  bounded  by  a constant  pressure  reservoir  was  used.  The 
system  schematic  is  shown  in  Figure  108.  This  configuration  was 
used  for  turn-off  transient  analysis,  because  the  boundary  conditions 
were  easilj  defined  after  the  valve  closure.  For  a turn-on  transient. 


because  of  the  short  return  line  system  (17"),  there  was  very  little 
noticeable  effect  on  the  upstream  baseline  tube;  and  the  steady 
state  boundary  conditions  were  simple  to  obtain. 


Component  1 Component  2 Component  3 

30'  test  line  with 


Fast  Closing  Valve 


FIGURE  108  COMPUTER  PROGRAM  SCHEMATIC  OF  TEST  SYSTEM  USING  PI  DATA  INPUT 


Three  components  were  used  in  the  program  schematic  of  Figure 
108  in  the  computer  simulation.  They  were,  TEST91,  VALV21,  and 
RSVR61.  TEST91  was  a subroutine  that  used  recorded  verification 
test  data.  For  each  time  step  of  the  transient  analysis,  a test 
data  value  was  inserted  as  the  line  end  point  boundary  condition. 
Included  in  Line  1,  were  the  30  ft  baseline  tube,  the  two  18"  instru- 
mentation stations  and  a 15"  line  segment,  which  was  immediately 
upstream  of  the  fast  valve.  Figure  109  shows  the  basic  test  stand 
arrangement  in  the  laboratory  with  the  appropriate  dimensions. 

VALV21  was  a control  valve  element  for  which  the  valve  opening  or 
closing  characteristics  versus  time  were  input.  The  valve  subroutine 
used  tabulated  valve  strokes  to  calculate  total  valve  area  versus 
time.  Using  the  data  from  adjacent  lines,  it  calculated  the  pressures 
at  its  upstream  and  downstream  connections,  along  with  the  flow,  and 
returned  the  data  to  the  lines.  Line  2 was  a 17"  segment  of  1/2" 
diameter  tubing  going  into  the  reservoir,  which  was  modeled  by 
RSVR61.  The  61  reservoir  was  a constant  pressure  type  used  in  simula- 
tions to  provide  a steady  state  boundary  condition.  Typically  the 
reservoir  pressure  was  set  to  50  PSI. 


FIGURE  109  TRANSIENT  LINE  TEST  CONFIGURATION 

Pj^  pressure  data  was  input  through  TEST91.  The  valve  closing 
or  opening  time  was  manually  computed  from  the  test  data  and  then 
input  into  the  program.  The  computer  program  then  predicted  the  flov/s 
and  pressures  at  given  distances  down  the  lines.  For  the  TEST91  sub- 
routine the  data  was  the  actual  interior  line  boundary  points.  The 
valve  and  reservoir  subroutines  form  the  boundary  conditions  of  the 
lines  and  were  solved  simultaneously  with  the  associated  line  charac- 
teristic equations. 

The  HYTRAN  program  gave  plots  of  pressures  at  Pj^,  P2,  P3  and  P4 
and  flows  at  Qi  and  Q^.  The  plots  of  P2,  P3,  P^,  Qj  and  were  then 
overplotted  with  the  actual  test  data  for  comparison. 

The  Qi  and  Q4  data  plots  were  obtained  by  applying  a linearizing 
equation  to  the  recorded  anemometer  voltages.  The  equation  was  generated 
by  fitting  a second  degree  curve  through  the  calibration  plot  anemometer 
voltage  vs  turbine  meter  flow.  The  pressure  data  was  linear,  meaning 
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chat  transducer  voltage  Is  directly  proportional  to  pressure,  and  no 
other  relationships  was  developed  for  plotting  the  pressure  data. 

Another  set  of  boundary  conditions  used  in  the  line  model  verifica- 
tion involved  only  the  30  ft  tube  and  the  instrumentation  sections. 

The  HYTRAN  program  computer  schematic  is  shown  in  Figure  110. 


Component  1 Component  2 

30*  test  line 


TEST91 

with  2-18" 
■ections 

Inatrumentatlon 



TEST91 

Lln«  1 

FIGURE  110  HYTRAN  SCHEIIATIC  OF  TEST  SYSTEM  USING  PI  AND  P4  DATA  INPUT 

P^  and  P4  test  data  was  input  through  the  two  TEST91  subroutines  to 
provide  boundary  conditions  for  the  line  simulation.  Line  1 contained 
the  two  18"  instrumentation  sections  and  the  1/2"  dia  x 30  ft  long  tube. 
The  HYTRAN  program  printed  plots  of  P^ , P^,  and  for  comparison 
to  the  test  data. 

A HYTRAN  computer  program  output  plot  of  Pj  data  that  was  input 
with  a simulation  is  shown  in  Figure  111.  The  actual  P]^  test  data 
(continuous  black  line)  is  pictted  over  the  graph  of  printed  P*s  to 
demonstrate  that  comparing  computer  plotted  outputs  to  test  data  is 
entirely  acceptable. 

The  first  set  of  data  to  be  compared  to  a computer  run  was  for  a 
turn-off  transient  at  125°F. 

With  Figure  112  input  data  and  Figure  111  Pj^  data,  the  HYTRAN 
simulation  of  the  line  model  was  run.  Figures  113,  114,  and  115  show 
the  computer  printed  outputs  overplotted  with  laboratory  test  data. 

Figure  113  is  a plot  of  the  P^  data  over  the  computer  predicted  pres- 
sure data  for  the  P4  position.  The  computer  output  of  position  is 
not  exactly  in  the  same  location  as  the  test  data.  From  the  test 

configuration  that  was  simulated,  the  P^  transducer  is  located  396  Inches 
from  the  P]^  transducer  (360  inches  for  the  baseline  tube  plus  36  inches 
for  the  instrumentation  sections).  The  computer  printed  out  the  pressure 
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at  400.98  Inches  along  the  line.  The  reason  for  this  discrepancy  is  due 
to  the  AX  interval  chosen  by  the  program  for  computation  using  the  method 
of  characteristics.  For  the  411  Inch  line  in  Figure  112  the  AX  v;cs  10.0244 
Inches.  Since  pressures  and  flows  are  calculated  only  at  each  AX  in  the 
program,  the  computed  values  closest  to  the  distances  specified  by  the  prc- 
grantner  are  output. 

The  computer  output  of  agrees  favorably  with  the  test  data.  The 
asterisks  by  the  P's  in  Figure  113  indicate  pressure  values  that  deviate 
from  the  pressure  trace.  This  could  be  due  in  part  to  mechanical  vibra- 
tions of  the  tube  shown  in  the  Pj^  input  data  (Figure  111)  that  propagate 
through  the  transient  calculations  in  the  program. 

The  data  taken  in  the  lab  is  sampled  at  a .0002  second  Interval.  This 
data  is  not  reprocessed  in  any  way  for  noise  content.  Consequently  all 
mechanical  and  noise  disturbances  do  appear  in  the  F2^  data.  The  method 
of  characteristics  used  in  the  computer  program  for  the  line  model  uses 
every  data  point  as  a line  end  condition.  Any  small  perturbation  will  be 
reflected  throughout  the  entire  calculation.  These  changes  may  be  rein- 
forced or  subdued  depending  on  flow  and  pressure  conditions  existing  in 
the  line. 

The  Qi  and  flow  plots  are  shown  in  Figures  114  and  115. 

The  hot  film  anemometers  positioned  in  the  flow  stream  can  only 
measure  flow  magnitude  and  not  direction.  The  computer  output  plots 
of  flow  have  the  actual  flow  calculated  printed  out  with  the  letter  Q. 

For  flow  reversals  the  magnitude  of  the  flow  is  printed  as  an  asterisk 
character.  The  anemometer  data  was  then  directly  plotted  over  the  com- 
puter plots  for  comparison. 

In  Figure  114  the  flow  reversals  of  the  recorded  test  data  shown  by 
the  first,  third,  fifth,  etc.  peaks  have  a definite  flow  decay,  while 
the  even  numbered  peaks  indicate  a flatter  response.  The  computer 
printout  does  not  shew  this  effect. 

A possible  explanation  for  the  decaying  flow  reversals  in  the  Qj  test 
data  comes  from  the  shape  of  the  velocity  profile  under  transient  condi- 
tions. When  a steady  state  flow  in  a line  is  subjected  to  an  abrupt  valve 
closure,  the  flow  first  reverses  itself  along  the  tube  walls.  As  the  reverse 
flow  becomes  established  the  maximum  velocity  profile  drops  closer  to  the 
tube  centerline.  Since  the  hot  film  probe  is  in  a fixed  position  close 
to  the  tube  wall,  it  can  sense  this  apparent  flow  decay.  The  reason  this 
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does  not  occur  for  forward  flows  Is  because  the  maximum  velocity  profile 
Is  closer  to  the  centerline  of  the  tube.  The  line  subroutine  In  HYTRAN 
does  not  currrently  model  this  type  of  behavior.  The  computer  output  In 
Figure  114  Indicates  this. 

The  computer  plots  do  not  agree  In  magnitude  with  the  test  data  except 
for  the  Initial  steady  state  flows.  The  actual  test  data  indicates  a slower 
decay  rate  to  the  zero  flow  condition.  The  computed  flows  appears  to  be 
slightly  overdamped. 

Figure  115  la  the  Q4  computed  output  data.  On  the  turn-off  transient 
it  falls  to  show  the  first  peak  flow  near  the  valve.  This  is  clue  to  the 
plotting  Interval  chosen  for  the  output  plots.  Pressure  and  flow  calcula- 
tions are  made  In  the  line  simulation  of  the  system  transient  for  every 
point  of  the  PI  Input  data,  which  contains  1000  sampled  points.  The 
computer  can  only  plot  101  data  polntt-  for  each  graph,  thus  for  1000 
data  values  every  fourth  point  calculated  Is  plotted. 


FIGURE  111  PI  TEST  DATA  FOR  A TURN-OFF  TRANSIENT 
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FIGURE  112  INPUT  DATA  FOR  A TURN-OFF  TRANSIENT  LINE  SIMULATION 


FIGURE  113  COMPUTED  VS.  MEASURED  PA  PRESSURE  FOR  A TURN-OFF  TRANSIENT 
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A turn-on  transient  at  125”?  was  simulated  with  the  computer  program. 
The  data  input  for  the  computer  run  is  in  Figure  116  with  the  computer 
input  information  given  in  Figure  117.  The  output  pressures  and  flows 
are  shown  in  Figures  118,  119  and  120.  The  pressure  data  trace  in 
Figure  118  Indicates  good  correlation  with  the  computer  output  plots, 
although  the  first  peak  pressure  points  for  the  test  data  are  higher 
by  about  150  PSI  for  the  maximum  value.  The  flow  test  data  in  Figures 
119  and  120  show  a gradual  Increase  to  the  first  maximum  value  from  the 
zero  flow  condition.  The  computer  prediction  in  both  Figures  119  and  120 
jump  to  a flow  level  Immediately  on  opening  the  valve.  The  gradual  in- 
crease in  the  test  data  could  be  attributed  to  the  time  it  takes  the 
fluid  to  develop  a good  velocity  profile. 
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FIGURE  117  INPUT  DATA  FOR  A TURN-ON  TRANSIENT  LINE  SIMULATION 


FIGURE  118  COMPUTED  VS.  MEASURED  P4  PRESSURE  FOR  A TURN-ON  TRANSIENT 
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FIGURE  119 


COMPUTED  VS.  MEASURED  P4  PRESSURE  FOR  A TURN-ON  TRANSIENT 


FIGURE  120  COMPUTED  VS.  MEASURED  Q4  FLOW  FOR  A TURN-ON  TRANSIENT 
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The  steady  state  flow  at  the  end  of  the  data  run  rises  to  about  45  CIS. 
This  is  more  exaggerated  in  Figure  119  than  120  because  of  the  plotting 
scales.  The  Increase  did  not  show  up  in  the  computer  plots  because  the 
input  data  did  not  contain  enough  pressure  Information  to  account  for  the 
Increased  flow  in  the  system.  These  results  bring  out  some  of  the  problems 
with  the  hot  film  anemometers  in  the  laboratory.  Because  of  their  posi- 
tioning in  the  system  they  are  not  capable  of  measuring  a mean  flow,  only 
a local  velocity  limited  to  a specific  region  close  to  the  tube  wall.  The 
rise  in  steady  state  flow  after  .16  seconds  in  Figure  120  indicates  an  area 
of  turbulence  around  the  probe  tip.  This  eventually  settles  to  38.5  CIS 
steady  state  flow  after  the  flow  profile  has  been  allowed  to  develop. 

The  HYTRAN  line  model  does  not  account  for  any  delay  that  can  occur  in 
the  establishment  of  turbulent  flow. 

b.  Effect  on  Dynamic  Friction  on  Transients  - Using  the  data  in  Figure 
111  the  system  in  Figure  109  was  simulated  by  the  HYTRAN  computer  program. 
The  important  difference  in  this  simulation  was  that  the  effect  of  dynamic 
friction  was  omitted  from  the  simulation.  The  DFRICD  subroutine  is  used 
by  the  line  model  to  calculate  pressure  loss  due  to  dynamic  friction 
caused  by  fluid  acceleration.  The  computer  results  of  the  simulation 
are  shown  in  Figures  121  and  122.  Figure  121  is  an  overplot  of  P4  data 
on  the  computer  predicted  results.  This  plot  shows  the  importance  of 
modeling  frequency  dependent  or  dynamic  friction  effects  in  the  computer 
program.  The  predicted  pressure  peaks  are  less  attenuated  than  the  data 
resulting  in  a much  squarer  waveform.  Also  the  pressure  amplitudes  take 
longer  to  dissipate  with  only  the  static  line  friction  in  the  model.  The 
frequency  dependent  effects  are  clearly  indicated  by  this  plot.  Figure 
122  is  the  flow  plot  for  this  simulation. 

^ • High  Temperature  Line  Model  Verification  - The  HYTRAN  computer  simu- 
lation of  a turn-off  transient  at  210°F  used  Figure  123  test  data  and 
Figure  124  input  da*'a.  Figures  125,  126  and  12/  show  the  computer  printed 
outputs  overplotted  with  laboratory  test  data.  Figure  125  is  a plot  of  the 
P4  data  over  the  computer  predicted  pressure  data  for  the  P4  position. 

The  computer  output  of  P4  agrees  favorably  with  the  rest  data.  On 
the  data  curve,  the  initial  pressure  peaks  contain  mechanical  vibrations 
which  damp  out  as  the  run  progresses  in  time. 

The  and  flow  plots  are  shown  in  Figures  126  and  127. 
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FIGURE  121  LINE  SIMULATION  WITHOUT  DYNAMIC  FRICTION  - P4  PRESSURE 


FIGURE  122  LINE  SIMULATION  WITHOUT  DYNAMIC  FRICTION  - 01  FLOW 
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FIGURE  123  .5  DIA.  X 30  FT  TUBE 

10C05  - PI  TURN-OFF  TRANSIENT 
38.5  C15  210  DEG  F 
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FIGURE  124  10C05  TURN-OFF  TRANSIENT  COMPUTER  INPUT  DATA 
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FIGURE  127  10C05  - Q4  TURN-OFF  TRANSIENT 


A turn-on  transient  at  210“ F was  simulated  with  the  computer  pro- 
gram, The  data  input  for  the  computer  run  is  shown  in  Figure  128.  The 
output  pressures  and  flows  are  shown  in  Figures  129  and  130.  The  P4  pres- 
sure data  trace  indicates  good  correlation  with  the  computer  output  plots, 
although  the  initial  pressure  dip  for  the  P4  test  data  is  not  present 
in  the  computed  plot.  The  flow  test  data  for  Figure  130  shows  a gr  al 
Increase  to  the  first  maximum  value  from  the  zero  flow  condition.  The 
computer  prediction  in  both  figures  jump  to  a flow  level  immediately  on 
opening  the  valve.  The  gradual  increase  in  the  test  data  could  be  attrib- 
uted to  the  time  it  takes  the  fluid  to  develop  a good  velocity  profile, 
c.  Conclusions  - The  HYTRAN  line  model  calculations  of  flows  and  pressure 
compare  well  with  the  test  data  measured  in  the  lab.  Some  discrepancies 
exist  betvreen  the  data  and  the  mathematically  predicted  results  as  already 
noted.  The  results  Indicate  that  the  line  model  is  reasonably  good. 


117 


B-cciiJtncflDtKuj  Mz  p-tnn 


3600- 


24^30  - - 


TIME  IN  SECONDS 

FIGURE  128  .5  DIA.  X 30  FT.  TUBE 

10C05  + PI  TURN-ON  TRANSIENT 
38.5  C15  210  DEG  F 


FIGURE,  129  10C05  + PA  TURI,-0N  TRANSIENT 
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FIGURE  130  10C05  + Q4  TURN-ON  TRANSIENT 


2 HYTRAN  CAVITATION  MODEL  VERIFICATION 

In  this  section  the  test  results  obtained  for  cavitation  effects  in 
a system  return  long  line  are  compared  to  the  HYTRAN  computer  program  line 
model.  The  testing  on  the  line  was  performed  on  a 1/2  inch  tube  with  MIL-H~ 
5606B.  In  the  HYTRAN  program  the  pressures  at  the  component  ports  are  calcu- 
lated. If  this  pressure  is  less  than  the  oil  vapor  pressure,  cavitation  condi- 
tions exist  at  Che  line  end  points. 

The  return  line  test  series  was  run  on  the  system  configuration  shown 
in  Figure  131. 

The  following  parameters  were  recorded  in  the  laboratory  for  the  test 
runs:  ?2,  QZj  P3t  Q3>  P4  3nd  valve  position.  P4 , P5  and  Q3  were 

recorded  directly  onto  cassette  tape. 

The  test  runs  are  listed  in  Table  3. 

a.  Computer  Simulation  with  Return  Line  Test  Data  - A return  line  turn-off 
transient  at  125'’F  and  38.5  CIS  was  simulated  with  the  HYTRAN  computer 
program.  The  input  boundary  conditions  were  the  10-07-P5  pressure  taken 
immediately  downstream  of  the  JFS  accumulator  in  Figure  132  and  the  10-07- 
P4  pressure  next  to  the  F-4  reservoir  in  Figure  133.  The  system  input  data 
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Is  shown  In  Figure  134.  The  dynamic  friction  at  the  line  end  points  were 
set  to  zero  whenever  the  pressure  fell  to  the  fluid  vapor  pressure  In  the 
DFRICD  subroutine.  The  computed  results  in  Figures  135,  136,  137,  138  and 
139  show  good  correlation  to  the  data.  The  predicted  pressures  are  slightly 
higher  than  the  data  end  the  phasing  between  the  measured  data  and  computed 
results  is  better  but  after  the  third  pressure  peak  they  drift  apart  as 
shown  in  Figures  135  and  136.  All  pressures  and  flows  do  settle  to  the 
proper  steady  state  values. 

The  flow  plots  In  Figures  138  and  139  shown  the  deceleration  of  the 
fluid  after  the  turn-off  command  at  890  milliseconds.  The  flow  is  then 
reflected  and  gradually  dam^'ens  out. 


Figure  ]3i  return  side  transient  test  configuration 

.5  IN.  DIA.  X 30  FT.  LONG  LINE 
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TABLE  3 

TEST  CONDITIONS  FOR  1/2'*  DIA  X 30  FT  LINE 


Test 

Specimen 

Run  if 

Flow  Condition 

Flow  Rate 
(CIS) 

Temp 

(°F) 

1/2"  dia  X 30  ft 

line  10-07-XX* 

Turn-Off 

38.5 

125 

1) 

10-074YX 

Turn-On 

38.5 

125 

It 

10-08- XX 

Turn-Off 

11.55 

125 

II 

10-08+XX 

Turn-On 

11.55 

125 

ft 

10-09-XX 

Turn-Off 

38.5 

210 

It 

10-09+XX 

Turn-On 

38.5 

210 

II 

10-10-XX 

Turn-Off 

11.55 

210 

II 

10-10+XX 

Turn-On 

11.55 

210 

*XX  - Denotes  measured  data  parameter 
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i0-07-P4  TURN-OFF  TRANSIENT 
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FIGURE  134  10-07  RETURN  LINE  TURN-OFF  TRANSIENT  COMPUTER  INPUT  DATA 
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FIGURE  135  10-07-PlE  TURN-OFF  TRANSIENT 


FIGURE  136  10-07-PZE  TURN-OFF  TRANSIENT 
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FIGURE  137  10-07-P3E  TURN-OFF  TRANSIENT 


FIGURE  138  10-07-QZE  TURN-OFF  TRANSIENT 
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FIGURE  139  10-07-Q3E  TURN-OFF  TRANSIENT 

A turn-on  transient  at  125*?  was  simulated  with  the  computer  program 
at  38.5  CIS  flow.  The  data  input  for  the  computer  run  is  shown  in  Figures 
140  and  141  with  the  computer  input  information  given  in  Figure  142.  One 
output  pressure  is  shown  in  Figure  143. 

The  first  pressure  peak  in  Figure  143  correlates  with  the  computed 
output  pressure.  Subsequent  computed  pressures  do  not  match  the  data. 
However,  the  calculated  data  does  settle  down  to  the  proper  steady  state 
value.  This  run  was  made  with  Che  fluid  vapor  pressure  at  2.C  psi  and  the 
dynamic  friction  term  set  to  zero  whenever  the  line  end  points  were  equal 
to  or  less  than  the  fluid  vapor  pressure.  The  computer  predicted  results 
show  a much  shorter  reflection  time  for  the  second  pressure  peak.  The 
actual  pressure  data  cavitates  more  in  the  100  to  250  millisecond  period. 

The  flow  plot  in  144  indicates  why  the  computed  results  do  not  corre- 
late. After  the  initial  turn-on  at  80  millisecond  the  flow  in  the  line 
makes  a sharp  dip.  This  physically  is  due  to  the  filling  of  the  return 
line  from  the  high  pressure.  The  computed  data  shows  a small  dip  at  110 
milliseconds  which  is  enough  to  completely  fill  the  dowstream  line  in 
the  simulation  but  not  in  the  actual  data  run. 
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FIGURE  142  10-07  TURN-ON  TRANSIENT  COMPUTER  INPUT  DATA 


PP?  COMPUTtO  PREKU'RE 
— ^ATARUNNO  10"07+P1 


1 I 


I 


1 ' 

•»  f I 

; f 

I I 

i • jr 

P p99  I t 

• p > O 


i! 


‘'i:! 


j»>  f i 

i-w-Wf-'': 


A. 

■ H i»  - "I  »l  n’P  ^ !*“  /N*’ Vpp  V'^-p*  v^^p 

-J  . » p,  B|  c /rcl  p»»p^>  pOp;», 


/‘■'I  7»p-V 


^]kI 


: r!:5Tj\:*  AL-jr.;  lMc 

. ••••  {-.il.ZMi 


FIGURE  143  10-07+Pl  TURN-ON  TRANSIENT 
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FIGURE  144  10-07+02  TURN-ON  TRANSIENT 


While  the  flow  is  increasing  in  the  turn-on  transient  it  remains  laminar 
well  past  the  normal  transition  Reynolds  number.  Similarly  for  turn-off 
transients  the  flow  remains  turbulent  for  a longer  time  period.  The  FRIG 
subroutine  in  HYTRAN  does  not  account  for  this  phenomena.  Once  the  tran- 
sition flow  is  reached  the  appropriate  turbulent  or  laminar  factor  is  in- 
cluded in  the  computation.  Thus  the  computer  program  is  predicting  higher 
losses  than  actually  existed  in  the  line.  Figures  145,  146  and  147  show 
data  from  a run  made  with  the  turbulent  friction  factor  set  to  zero.  They 
show  much  better  correlation  to  the  actual  data.  Since  the  friction 
term  was  incorrect,  the  pressure  does  not  settle  to  the  proper  steady 
state  value. 
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FIGURE  145  lO-Oy-PlA  TURN-ON  TRANSIENT 


T J 


FIGURE  146  10-07+P2A  TURN-ON  TRANSIENT 


FIGURE  147  10-07+02A  TURN-ON  TRANSIENT 


b.  Conclusions  - The  HYTRAN  line  model  calculations  of  flows  and  pressures 
under  cavitation  conditions  did  not  compare  well  with  the  test  data  measured 
in  the  lab.  For  turn-off  transients  reasonable  correlation  was  obtained 
when  the  line  dynamic  friction  was  set  to  zero.  DFRICD  was  zeroed  when- 
ever the  pressure  at  either  end  point  was  equal  to  or  less  than  the  fluid 
vapor  pressure. 

The  computer  output  results  for  the  turn-on  transients  also  did  not 
compare  well  with  the  data.  The  majority  of  the  error  may  be  attributed 
to  the  use  of  the  turbulent  friction  term  when  the  Reynolds  number  reaches 
the  transition  number,  while  in  reality  the  line  flow  is  still  laminar. 
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3.  PUMP  MODEL  VERIFICATION 


The  transient  test  results  are  compared  to  the  HYTKAN  computer  pump 
subroutine  - PUMP51. 

The  transient  test  series  were  run  on  the  system  configuration  shown 
in  Figure  140. 

A brief  summary  of  the  test  conditions  for  the  F-15  instrumented  pump 
is  shown  in  Table  4. 


TABLE  4 

TRANSIENT  PUMP  TESTING 


Test  Series  No. 


Fluid  Type 


63 


MIL-H-5606B 


64 


MIL-H-5606B 


65 


MIL-H-83282 


Special  Conditions 

Check  Valves  in  Pump 
Manifold 
MIL-H-5606B  Oil 

No  check  valves  in 
Pump  Manifold 
MIL-H-5606B  Oil 

No  check  valves  in  Pump 
Manifold 
MIL-H-83282  Oil 
Corrected  Hanger  Posii.ion 


Data  recorded  for  each  test  condition  were: 
o System  supply  line  pressure  (PI) 
o Suction  pressure  (PS) 
o Case  drain  pressure  (PCD  or  P2) 
o Line  pressure  near  control  valve  (P5) 
o Transient  control  valve  position  (XCV) 
o Pump  control  (actuator)  pressure  (PC) 
o Pump  Outlet  Pressure  tPP) 
o Hanger  Position  (XH) 
o Compensator  Spool  position  (XC) 
o Drive  torque  (DT) 
o Drive  speed  (DS) 

The  system  reservoir  pressure  was  kept  at  50  psig  by  an  independent 
bootstrap  accumulator  source  as  shown  in  Figure  148. 
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FIGURE  148.  TRANSIENT  PUMP  TEST  SETUP 


a . Test  Series  (3  - Transient  Tests  with  Check  Valves  In  Pump  Manifold  - 
The  first  transient  test  series  with  the  F-15  instrumented  pump  was 
performed  with  check  valves  in  the  pump  manifold  at  the  pump  outlet 
and  case  drain  lines.  These  check  valves  were  designed  to  keep  the 
lines  to  the  pump  from  draining  when  the  pump  is  removed  from  the 
mpnifold.  Their  presence  also  affects  the  pump  internal  dynamic 
operating  characteristics.  MIL-H-5606B  hydraulic  oil  was  used  in  the 
test  fixture. 

All  the  63  series  tests  are  shown  in  Table  5 which  contains  the 
run  numbers  for  each  test. 
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TABLE  5 


Hvtran  Pump  Model  Verification  Test  -63  Series 

study  St»t«  Control  Volvo  Cooo  Prooouro  Punp  Tonporoturo  Run  Nuabor 

Flow  Lovelo  (CIS)  Oporotlnt  Tlno  (SEC)  At  SS  Lookogo  Spood  Punp  Inlot  Turn  On  (dJ-XX+XX) 

Lo  HI  On  Off  Condition  (1.5-3. 8 CIS)  (RPH)  (Dog  F)  Turn  Of f (63-XX-XX) 


I.  Load  Leval  Effacta 

2.0  - 19.25 

.002 

.002 

100  PSIG 

4000 

130 

63-01 

2.0  - 38.5 

.002 

.002 

100  PSIG 

4000 

130 

63A02 

2.0  - 77.0 

.002 

.002 

100  PSIG 

4000 

130 

63-03 

II.  Loading  Rata  Effact^a 

2.0  - 77.0 

.010 

.010 

100  PSIG 

4000 

130 

63-11 

2.0  - 77.0 

.020 

.020 

100  PSIG 

4000 

130 

63-12 

III.  Snaad  Effacta 

2.0  - 57. 7S 

.002 

.002 

100  PSIG 

1600 

130 

63-20 

2.0  - 57.75 

.002 

.002 

100  PSIG 

2500 

130 

63-21 

2.0  - 57.75 

.002 

.002 

100  PSIG 

3000 

130 

63-22 

2.0  - 57.75 

.002 

.002 

100  PSIG 

3700 

130 

63-23 

2.0  - 57.75 

.002 

.002 

100  PSIG 

5000 

130 

63-24 

IT.  Caaa  Fraaaura 

Laval  Effacta 

2.0  - 77.0 

.002 

.002 

220  PSIG 

4000 

130 

63-40 

V.  Hla;i  Flow  - Swall  Load  Changea 

77.0  - llJ.S 

.002 

.002 

ICO  PSIG 

4000 

130 

63-50 

115.5  - 154 

.002 

.002 

lOO  PSIG 

4000 

130 

63-51 

In  run  number  63-03-Pl  Figure  149  the  pressure  transducer  is  located 
approximately  18"  from  the  pump  manifold  outlet  pressure  port.  The  initial 
pressure  spike  at  about  .028  seconds  shows  the  arrival  of  the  transient 
pressure  wave  caused  by  the  control  valve  closure  and  the  subsequent 
pump  response.  Run  number  63-03-P5  in  Figure  150  which  is  the  pressure 
trace  close  to  the  control  valve  shows  the  initial  waterharamer  wave  cccurring 
at  .018  sec  and  the  subsequent  pump  response  superimposed  on  this  wave 
at  .037  sec.  It  should  be  noted  that  this  spike  is  not  related  to  the 
waterhammer  phenomena  but  is  simply  the  pressure  response  characteristic 
of  the  pump  being  hit  by  the  original  waterhammer  wave. 

The  high  frequency  content  of  the  pressure  traces  results  from  the 
pump  rpm.  The  typical  operating  speed  was  4000  rpm  or  a frequency  of  600 
hz  for  a nine  piston  pump. 
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b . Test  Series  6A  - Transient  Tests  without  Check  Valves  In  Pump  Manifold  - 
To  observe  the  dynamic  pump  characteristics  it  was  necessary  to  remove 
the  check  valves  in  the  pump  outlet  and  case  drain  lines.  Many  of  the  '.ests 
made  in  the  63  series  were  run  again.  Table  6 is  a listing  of  the  HYTRAN 
pump  model  verification  tests  on  the  F-15  instrumented  pump.  MIL~H-5606B 
hydraulic  fluid  was  used  in  the  test  system. 

A comparison  of  runs  with  and  without  the  check  valves  In  the  manifold 
show  the  effects  that  the  valves  have  on  the  pump  dynamics.  In  Figure  149 
the  check  valve  in  the  output  pressure  line  keeps  the  pressure  from  falling 
below  3000  psl.  The  Internal  pump  pressure  in  Figure  151  drops  below  2000 
psi  and  follows  the  actuator  control  pressure  (63-03-PC  Figure  52)  response. 
Both  inlet  and  case  pressures  in  Figures  153  and  154  exhibit  large  peak  to 
peak  pressure  values,  the  63-03-PCD  run  appears  to  shov;  a transducer  resonance 
problem  around  40  milliseconds. 


TABLE  6 

Hvtran  Pump  Model  Verification  Test  -64  Series 


steady  State  Control  Valve  Caae  Preaaure  Puoip  Teapcrature  Run  Hunber 

Plow  Level*  (CIS)  Operating  Tine  (SEC)  At  SS  Leakage  Speed  Punp  Inlet  Turn  On  (SA-XX-fXX) 

Lo  HI  On  Off  Condition  (1.5-3. 8 CIS)  (RPM)  (Deg  F)  Turn  Off (64-XX+JUt) 


I,  Load  L«v€l  Efftcf 


2 

19.25 

.002 

.002 

100  PSIG 

2 

38,5 

.002 

.002 

100  P5IC 

2 

77.0 

.002 

.002 

JOO  PSIG 

11. 

TeoiDerature  EffecCa 

2 

77.0 

.002 

.002 

100  PSIC 

111. 

Case  Pressure 

Level  Effects 

2 

- 77.0 

.002 

.007. 

120  FSZG 

IV, 

Suction  Tranalent  Cavitation 

2 

- 154 

.007 

,002 

100  PSIG 

2 

- 154 

.002 

.002 

100  PSIG 

2 

- 154 

.002 

.002 

100  PSIG 

135 


4000 

130 

64-01 

4000 

130 

64-02 

4000 

130 

64-03 

4000 

210 

64-30 

4000 

130 

64-40 

4000 

130 

64-(0 

(P-i,.,„-50 

PSIC) 

4000 

130 

PSIC) 

4000 

130 

64-52 

(P  "?0 

^ RESV 

PSIC) 

a-QcujaicnDKijj  mz  p-cnw 


with  the  check  valves  removed  In  Figures  155  and  156  64-03-Pl  and  -PP 
fall  belov?  the  steady  state  pressure  of  3000  psi  during  the  transient. 

PP  is  the  Internal  pump  pressure  used  to  control  the  actuator  position, 
and  PI  is  the  pump  outlet  pressure  about  18"  from  the  pump  manifold. 

In  64-03-~PP  the  Initial  waterhammer  wave  hits  the  inlet  of  the  pump 
temporarily  stopping  the  outlet  flow.  The  pump  responds  to  this  condition 
by  increasing  the  outlet  pressure  to  about  3500  psi  at  32  milliseconds 
into  the  run.  Much  of  the  energy  of  this  pressure  wave  is  absorbed  by 
the  pump  and  converted  to  actuator  and  subsequent  hanger  motion.  Ic  is 
interesting  to  note  that  the  pump  outlet  pressure  wave  does  follow  l;hr 
compensator  spool  position  as  shown  in  Figure  157,  The  measured  spoo.i 
position  closely  tracks  the  pressure  for  all  the  test  runs  that  were  made. 
This  fact  was  used  in  the  model  to  compute  the  pump  outlet  pressure  knowing 
a valve  position. 
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FIGURE  151.  F-15  HYDRAULIC  PUMP 

63-03-PP  TURN-OFF  TRANSIENT 
77  CIS  130“F 
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FIGURE  152.  F-15  HYDRAULIC  PUMP 

63-03-PC  TURN-OFF  TRANSIENT 
77  CIS  130°F 


0.20 


4-50 


350 


250 


150 


mmiBiiininTB 

iMiiiii  iiiiHiiii  nil 


-50 

0.0 


0.  10 

TIME  IN  SECONDS 

FIGURE  153  F-15  HYDRAULIC  PUMP 

63-03-PS  TURN-OFF  TRANSIENT 
77  CIS  130°F 
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FIGURE  156.  F-15  HYDRAULIC  PUMP 

64-03-PP  TURN-OFF  TRANSIENT 
77  CIS  130'’F 
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FIGURE  J57.  COMPENSATOR  SPOOL  POSITION  COMPARED  TO  PUMP  OUTLET  PRESSURE 

F-15  INSTRUMENTED  PUMP  TURN-OFF  TRANSIENT  WITHOUT  CHECK  VALVES  IN  MANIFOI 
FLOW  - 77  CIS  TEMP  - 1 SO^F 
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One  notes  the  same  type  ot  phase  similarity  between  the  pump  Input 
pressure  64-03-PS,  Figure  158,  and  the  actuator  control  pressure  64-03-PC, 
Figure  159.  The  inlet  pressure  transducer  trace  (Figure  158)  does  show  a 
100  psi  peak-to-peak  pressure  like  63-03-PC  in  Figure  159.  The  case  pressure 
64-03-PCD,  in  Figure  160,  has  only  about  a 20  psi  peak  to  peak  pressure. 

At  50  milliseconds  in  64-03-PCD  there  is  a pump  response  that  may  be 
related  to  some  pressure  inbalance  Inside  the  pump  This  spike  is  not 
due  to  transducer  resonance  mainly  because  of  its  low  frequency  content, 
c . Test  Series  65  - Pump  Transient  Tests  without  Cheo.  Valves  in  the  Manifold 
The  development  fixture  oil  was  replaced  with  MIL-H-83282,  and  the  pump 
steady  state  and  transient  tests  were  rerun  to  determine  the  effect,  if 
any,  on  pump  performance.  A list  of  the  transient  tests  are  shown  in 
Table  7. 

The  other  results  of  the  transient  tests  with  MIL-H-83282  appear  to  be 
identical  to  those  obtained  with  MIL-H-5606B  in  the  64  series. 
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FIGURE  158.  F-15  HYDRAULIC  PUMP 
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TABLE  7 


Hytran  Puap  Model  Verification  Test  - 65  Series 


itcady  StAtt  Control  VaIva  Caaa  Praavurc  Pmp  TMiporAturA  lun  lNu«b«»r 

Flov  LeveJo  (CIS)  OparAtlng  Tlae  (SEC)  At  SS  UakagA  Spead  Puap  InUt  Turn-On  (65-mXX) 

Lo  HI  On  Off  Condition  (1. 5-3.8  CIS)  (RPM)  (DSC  F)  Turn-Off (65-XX+XX) 


!•  Load  Laval  Effecta 


2 

- 19.25 

.002 

.002 

57  PSIG 

4000 

130 

65-01 

2 

- 38.5 

.002 

.002 

58  PSIC 

4000 

130 

65-02 

2 

77.0 

.002 

.002 

90  PSIG 

4000 

130 

65-03 

2 

- 77.0 

.002 

.002 

58  PSIG 

4000 

130 

65A03 

2 

- 154.0 

.002 

.002 

49  PSIG 

4000 

130 

65-04 

II. 

Spaed  Effecta 

2 

- 57.75 

.002 

.002 

49  PSIG 

3000 

130 

65-22 

2 

- 57.75 

.002 

.002 

49  PSIG 

5000 

130 

65-24 

111. 

Teaparature  Effects 

2 

77.0 

.002 

.002 

53  PSIG 

4000 

210 

65-30 

IV. 

Suction  Tranalcnt 

Cavitation 

2 

- 154.0 

.002 

.002 

29  PSIG 

4000 

130 

65-61 

d.  Verification  of  the  HYTRAN  Pump  Model  - For  pump  verification  it  was 
necessary  to  establish  adequate  boundary  conditions.  The  inlet  pressure, 
and  case  drain  pressure  were  chosen.  The  suction  pressure  transducer 
was  located  about  24  inches  from  the  pump  inlet,  and  the  case  transducer 
was  13  inches  from  the  pump  case  drain  port.  Figure  161  shows  the  HYTRAN 
program  schematic  used  in  the  pump  verification  runs. 

Looking  at  the  PS  and  PCD  traces  for  any  of  the  63,  64  or  65  series 
runs,  one  notes  the  superposition  of  the  pumps  ripple  frequency  on  the 
pressure  wave.  At  4000  rpm  the  frequency  of  the  nine  piston  pump  is 

4000  9 CYCLES  1 MTN  ^ CYCLES 

MIN  * REV  60  SEC  SEC 

This  ripple  frequency  superimposed  on  the  pressure  trace  made  the 
boundary  conditions  very  noisy.  The  noise  manifested  itself  in  the 
pump  math  model  and  produced  erroneous  results.  Typically  at  4000  rpm 
the  pump  input  pressure  would  vary  over  a one  hundred  psl  range  in  1.6 
milliseconds.  The  data  was  sampled  at  a .2  millisecond  time  step,  thus 
the  calculation  internal  was  .2  milliseconds.  So  in  8 Ats  the  input 
pressure  could  vary  by  as  much  as  100  psl.  In  a complicated  model  where 
many  factors  are  Interdependent  this  rapid  change  produced  bad  correlation. 
It  became  necessary  to  modify  the  data  to  remove  the  pump  noise.  This  was 
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accomplished  by  using  a 100  Hz  filter  on  the  pressure  signals  when  the\' 
were  played  back  from  the  analog  tape  into  the  waveform  analyzer.  F65-03-PS 
in  Figure  162  is  a filtered  suction  pressure  trace  for  a turn-off  transient 
at  77  CIS  and  130°F.  The  unfiltered  pressure  trace  is  stiown  in  Figure  163. 
The  unfiltered  run  had  100  psi  peak  to  peak  pulsations.  After  filtering 
tfiey  were  reduced  to  5 psi  peak  to  peak.  The  basic  pump  pulsation 
frequency  still  remains,  but  a 5 psi  change  over  1.6  milliseconds  provides 
a better  boundary  condition  than  a 100  psi  change. 
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FIGURE  161.  HYTRAN  SCHEMATIC  DIAGRAM  FOR  PUMP  VERIFICATION 
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FIGURE  163.  F-15  HYDRAULIC  PUMP 

65-03-PS  TURN-OFF  TRANSIENT 
77  CIS  130“F 

The  main  reason  for  filtering  the  data  is  because  the  internal  pump 
flow  and  leakages  are  treated  as  though  the  pump  has  a continuous 
output  rather  than  a summation  of  nine  individual  pumping  pistons  thus 
requiring  a reasonably  continuous  input.  A model  which  includes  the 
dynamics  of  each  piston  would  by  necessity,  be  considerably  more  complex 
and  consume  much  more  computer  time  than  the  current  pump  model. 

Another  analytical  consideration  was  linearizing  any  leakage  paths 
and  assuming  them  constant  for  a constant  output  pressure.  The  alternative 
would  be  to  go  into  very  detailed  calculations  with  the  leakage 
dependent  on  piston  load,  hanger  angle,  rpm  and  almost  anything  else 
one  cares  to  add.  Unfortunately,  this  too  would  probably  be  Inaccurate 
so  instead  a simple  leakage  model  was  chosen,  A steady  state  verification 
test  with  MIL-H-83282  showed  that  the  case  drain  pressure  versus  case 
drain  flow  was  linear  from  maximum  to  zero  case  flow.  This  translates 
to  a linear  leakage  path  from  case  to  inlet  at  any  flow  or  pressure 
conditions.  These  results  help  to  verify  the  simple  leakage  model. 
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In  developing  the  model  significant  attention  has  been  paid  (.o  the 
compensator  valve  dynamics.  The  forces  on  the  valve  are  a combination  of 
the  outlet  pressure  force  pushing  against  the  case  pressure  ana  spring 
forces,  with  damping  and  flow  forces  acting  In  either  direction. 

The  compensator  valve  position  is  assumed  to  be  directly  proportional 
to  the  differential  pressure  between  outlet  and  case.  Ine  compensator 
position  Is  used  to  determine  the  pressures  and  flows  conrected  with 
the  valve. 

During  the  initial  verification  effort  the  computer  results  Indicated 
that  the  actuator  pressures  were  out  of  phase  with  the  measured  data.  To 
correct  the  phasing  the  effects  of  valve  damping  and  hanger  inertia  were 
included  in  the  computation.  This  provided  enough  lag  to  obtain  the  proper 
alignment . 

The  Internal  case  pressure  was  found  to  be  about  50  to  100  psi  higher 
than  the  measured  case  pressure  13  inches  doimstream  of  the  pump  manifold 
case  outlet.  This  discrepancy  was  significant  at  the  lower  case  drain 
flow  rates.  The  measured  case  pressure  (Figure  164)  showed  a rise,  a 
small  dip  then  another  rise  to  the  maximum  pressure.  The  hanger  position 
65-03-XH  in  Figure  10  also  exhibited  tills  same  characteristic.  The  computed 
results  for  internal  case  pressure  missed  the  first  dip  altogether  and 
overshot  the  second  one. 
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Not  having  an  internal  case  drain  pressure  transducer  hampered  the 
Investigation  on  whether  this  was  an  accurate  result.  This  hanger 
position  is  affected  hy  case  pressure  but  other  factors  as  piston  and 
actuator  spring  forces  have  a much  greater  contribution. 

Our  initial  assumption  was  the  internal  case  pressure  characteristics 
should  nut  deviate  much  from  the  measured  line  pressure.  Studying  the  F-15 
pump  and  manifold  schematics  a quick  disconnect  fitting  in  the  pump  case 
drain  line  was  found  to  have  a significant  orifice.  A spring  loaded 
poppet  closes  off  the  care  drain  lines  when  the  pump  is  removed  from  the 
manifold  to  prevent  oil  spillage.  With  the  pump  mounted  the  flow  out  the 

case  drain  line  is  Impaired  by  three  slots  in  the  quick  disconnect  fitting. 

2 

This  opening  had  an  area  of  about  .04  in  . The  addition  of  this  orifice 
in  the  case  drain  computation  significantly  improved  the  computer  simulation. 

The  computer  simulation  could  now  reasonably  predict  the  initial 
respo’.ise  characteristics  of  the  pump.  Problems  still  existed  however  in 
the  subsequent  pump  reaction  to  the  Initial  transient.  The  general  trend  was 
that  the  pump  model  was  extremely  underdamped.  Different  values  of  hanger 
damping  were  tried  without  much  success.  The  hanger  damping  term  accounts 
for  velocity  dependent  friction  factors  in  the  pump.  These  factors  include 
the  effects  of  hanger  motion  on  the  changes  in  precompression  and  decompression 
when  the  hanger  is  in  motion,  plus  many  other  terms  that  cannot  be  accurately 
measured.  Values  below  15  psi/in/sec  for  hanger  damping  did  not  Impiove 
the  pump  damping  characteristics.  Initial  transient  pressures  would  undershoot 
and  the  subsequent  response  was  extremely  underdamped.  Values  above  50  psi/ 
in/sec  had  exactly  the  opposite  effect.  A reasonable  value  of  hanger  damping 
appears  to  be  25  psi/in/sec. 

The  pump  case  volume  was  Increased  from  250  to  500  cubic  inches  to  see 
how  the  damping  characteristics  changed.  The  results  of  the  run  show  that 
the  case  pressure  did  not  have  the  pressure  dip  on  the  Initial  transient. 

The  hanger  oscillated  at  about  25  c^'cles/second  after  the  initial  response 
and  did  not-  dampen  as  quickly  as  the  data  shown  in  Figure  10  in  Section  III. 

The  valve  dynamics  are  an  important  part  of  the  computer  simulation. 

An  initial  value  of  .001"  was  used  as  the  overlap  for  the  value  spool.  The 
test  results  indicated  a much  larger  deadband  area,  on  checking  with  the 
pump  manufacturer  it  was  found  that  .016"  was  a more  nominal  val”°  for  tiie 
compensator  valve  overlap  rather  than  the  value  obtained  originally.  The 
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effects  of  different  valve  overlap  can  be  seen  in  the  computer  printouts 
of  the  pump  actuator  or  control  pressure  in  Figures  165,  166  and  167.  In 
Figure  165  the  measure  actuator  pressure  vs  time  is  overplotted  on  the 
computer  results  at  .012"  valve  overlap.  At  7.5  milliseconds  the  pressures 

show  a rise  to  1500  psi.  Other  spikes  occur  at  13  and  19  milliseconds 
and  show  little  sign  of  decay.  With  a .016"  valve  overlap  in  Figure  166 
the  spike  at  7.5  milliseconds  is  about  100  psi  less  and  the  pressure 
wave  at  19  milliseconds  is  gone.  The  run  at  .020"  overlap  in  Figure  167 
show  that  the  pressure  at  7.5  milliseconds  drops  to  1300  psi.  At  this 
larger  valve  overlap  the  measured  pressure  trace  is  out  of  phase  with 
the  predicted  results. 
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FIGURE  166.  016"  VALVE  OVERLAP 


FIGURE  167.  .020  VALVE  OVERLAP 
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A pump  turn-off  transient  simulation  was  run  with  MIL-H-83282  at  a 
temperature  of  130“?  and  a steady  state  flow  of  77  CIS.  The  data  in 
Figures  162  and  164  were  input  with  the  configuration  data  in  Figure  168 
for  the  HYTRAN  program.  The  results  of  the  simulation  are  shown  in 
Figures  169,  170,  171,  172,  173,  and  174.  All  the  overplotted  pressure 
data  has  been  changed  to  absolute  pressure  to  match  the  computer  output. 
Figures  169,  170  show  that  the  first  40  milliseconds  of  the  simulation 
give  good  correlation  with  the  actual  data.  At  50  milliseconds  in  Figure 
169  the  computed  pressure  drops  to  2550  psi  compared  to  the  measured  2800  psl. 
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The  predicted  pressure  does  rise  at  65  milliseconds  like  the  data 
but  overshoot  in  the  calculated  pressure  at  50  milliseconds  prevented  any 
correlation.  The  relative  phasing  between  the  measured  and  computed  data 
completely  falls  apart  after  120  milliseconds  into  the  simulation  as  seen 
in  Figure  169.  The  actuator  pressure  data  F65-03-PC  (F  denotes  that  the 
data  was  played  back  through  a 100  Hz  filter)  in  Figure  171  matches  the 
predicted  results  up  to  65  milliseconds.  The  maximum  computed  pressure 
at  40  milliseconds  is  2500  psl  compared  to  the  actual  2250  psi.  The 
resulting  simulation  shows  high  pressure  responses  while  the  test  data 
dampens  out  quickly.  The  mechanism  by  which  the  pump  compensator  is 
able  to  dampen  is  not  thoroughly  understood  and  thus  it  is  not  included 
in  the  computer  model. 

The  filtered  pump  outlet  pressure  (Figure  172)  gives  a clearer 
picture  of  the  results  shown  in  Figure  169  for  PI.  The  pump  pressure 
keeps  dropping  after  40  milliseconds  Instead  of  leveling  off  as  shown 
by  the  data. 

The  initial  response  of  the  predicted  hanger  position  in  Figure  173 
adequately  simulates  this  pump  parameter.  At  40  milliseconds  the  measured 
data  shows  a leveling  off  then  a rapid  dip.  The  computed  values  exhibit  a 
similar  behavior  but  not  as  pronounced.  Again  one  notes  that  the  hanger 
dampens  quickly  to  its  zero  flow  position  while  the  predicted  results 
oscillate  at  about  25  Hz  with  minor  damping.  The  valve  position 
plot  in  Figure  174  shows  the  computed  value  at  40  milliseconds  to  be 
below  the  actual  data.  The  predicted  valve  position  after  that  time 
does  not  reverse  as  the  measured  results  Indicate. 

A simulation  of  a pump  turn-on  transient  was  run  at  130°F.  The  data 
in  Figures  175  and  176  were  the  input  boundary  conditions.  The  input 
configuration  data  is  shown  in  Figure  177.  The  output  data  for  the 
computer  simulation  is  shown  in  Figures  178,  179,  180,  181,  182  and  183. 

The  results  for  the  turn-on  transient  are  similar  to  the  turn-off 
in  that  the  simulation  deviates  from  the  measured  data  around  40  milliseconds. 
The  computed  response  of  the  pump  after  the  Initial  transient  is  underdamped 
when  compared  to  the  data.  The  resonant  frequency  is  not  as  high  a frequency 
as  for  the  computed  turn-off  transient.  The  actuator  control  pressure  (Figure 
180)  has  a 100  psi  overshoot  at  120  milliseconds  which  is  smaller  than  the 
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values  in  Figure  171.  The  hanger  position  (Figure  182)  also  shows  a quicker 
damping  than  the  turn-off  transient  (Figure  173).  The  computed  hanger  position 
does  show  a little  dip  at  39  milliseconds  like  the  data.  However,  the  predicted 
value  never  reaches  the  actual  maximum  at  50  milliseconds. 


.-'.-.FIGURE  169.  65-03-Pl  TURN-OFF  TRANSIENT 
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FIGURE  177,  HYTRAN  INPUT  DATA  FOR  PUMP  TURi:-ON  TRANSIENT 
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e.  Conclusions  - Extensive  testing  has  been  completed  on  the  F-15  instrumented 
pump.  Test  conditions  were  established  to  try  and  reproduce  many  of  the 
operating  conditions  the  pump  would  encounter  during  its  normal  life. 

Actual  pump  operating  time  was  approximately  150  hrs  during  the  test 
period.  Obviously  much  more  data  was  recorded  that  could  possibly  be 
verified  with  the  pump  model.  The  extensive  nature  of  the  contract  does 
not  allow  for  a more  thorough  analysis  of  the  pump  model  at  this  time. 

A disapportlonate  number  of  manhours  in  relation  to  other  component  models 
has  already  been  spent  on  pump  verification.  This  was  because  of  the  importance 
of  the  pump  in  its  relation  to  the  remainder  of  the  system.  Further  detailed 
analysis  will  not  take  place  under  this  current  phase  of  the  contract. 

For  the  initial  pump  response,  the  P'JMP51  subroutine  adequately 
predicts  the  measured  data  values.  Since  the  initial  transient  is 
usually  the  most  severe,  the  results  do  reflect  actual  operating  character- 
istics. However,  subsequent  pump/system  interaction  is  not  accurately 

computed.  The  calculations  do  reflect  the  PUMP51  subroutine  stability. 

If  time  where  available  for  a more  detailed  study  of  the  test  data,  the 
pump  subroutine  could  probably  be  Improved. 

The  errors  in  the  subroutine  may  be  attributable  to  a number  of 
factors.  Lack  of  cavitation  effects  caused  by  improper  filling  of  the 
pistons;  the  effect  of  hanger  angle  and  pump  R?M;  the  forces  on  the  hanger 
contributed  by  the  pistons  due  to  bulk  modulus  effects  at  different  pressures 
and  temperatures;  friction  effects  on  the  actuator  and  valve;  are  some  of 
the  factors  not  included  in  the  pump  model.  Other  sources  of  error 
exist  in  the  model  Itself.  Not  adequately  defining  the  flow  forces 
on  the  valve,  assuming  linear  leakage  characteristics,  the  treatment 
of  hanger  inertia  could  all  Introduce  small  errors  into  the  simulation. 

The  data  taken  in  the  lab  does  contain  much  of  the  information  needed 
to  produce  a better  pump  model.  However,  It  would  be  desireable  to  further 
modify  the  F-15  instrumented  pump  by  adding  a case  drain  pressure  transducer, 
the  lack  of  which  has  thwarted  our  verification  efforts.  A few  tests  would 
then  need  to  be  rerun. 
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4.  FILTER  MODEL  VERIFICATION 

In  this  section  the  test  results  obtained  in  the  laboratory  on  a hydraulic 
oil  filter  are  compared  to  the  HYTRAN  computer  program  filter  model  (FILT81). 
The  oil  filter  used  in  the  testing  is  shown  in  Figure  184.  The  filter  speci- 
fications are  in  Figure  185.  All  testing  on  the  filter  was  performed  on  a 
1/2  inch  system  with  MIL-H-5606B  hydraulic  fluid.  The  filter  subroutine 
(FILT81)  is  a model  of  an  inline,  non-bypass  filter  with  a standard  cleanable 
element  and  no  moving  parts. 

The  filter  test  series  was  run  on  two  different  system  configurations. 
Table  8 contains  a listing  of  all  the  test  runs. 

To  study  the  pressure  effects  of  a filter  in  a hydraulic  system,  it  was 
necessary  to  locate  the  filter  close  to  the  fast  valve.  This  is  an  area  of 
high  pressure  transients  when  the  valve  opens  or  closes.  The  system  config- 
uration is  shown  in  Figure  186.  The  long  length  of  tubing  in  the  system  was 
used  to  increase  the  reflection  time  of  the  pressure  and  flow  transients. 
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FIGURE  185.  FILTER  SPECIFICATIONS 


FIGURE  186.  DOWNSTREAM  TRANSIENT  TEST  CONFIGURATION  FOR  AC-900-61  OIL  FILTER 
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Table  8.  TEST  CONDITIONS  FOR  FILTER  AC-900-61 


TESa 

ELEHEin 

RUM  f 

FLOW  CONDITION 

FLOW  RATE 
(Cl!) 

TEMP 

DEG  F 

Filter  at 

upatreaa  poaltlon 

Flltar  SOBOI-XJI 

Without  ElOMont 

Turn-Of 1 

38.3 

125 

M 

SOBOl-Hu 

Turn-On 

38.3 

125 

II 

30B02-XX 

Turn-Off 

11.55 

125 

" 

S0B02-fxx 

Turn-On 

11.55 

125 

Flltar  With 
Elomant 

SlCOl-xx 

Turn-Off 

38.5 

125 

tl 

SlCOl-fxx 

Turn-On 

38.5 

125 

l> 

S1B02-XX 

Turn-Off 

11.55 

125 

II 

S1B02-Ha 

Tum-On 

11.55 

125 

Filter  at 

Downetreaa  Poaltlor 

Filter  With- 
out EloMnt 

SOAOl-xx 

Turn-Off 

38.5 

125 

•• 

SOAOl+xx 

Tum-On 

.%8.5 

125 

II 

S0AO2-XX 

Turn-Off 

11.55 

125 

" 

S0A02-«-xx 

Tum-On 

11.55 

1:5 

Filter  with 
EleiMint 

SUOl-xx 

Tiira-Off 

38.5 

125 

SlAOl-lxx 

Turn-On 

38.5 

125 

" 

S1A02-XX 

Turn-Off 

11.55 

125 

II 

51A02-IXX 

Turn-On 

11.55 

125 

The  following  parameters  were  recorded  in  the  laboratory  for  the  test 
runs.  V^t  Q2»  P3»  and  valve  position.  P2,  P^  and  Q^  were 

recorded  on  analog  tape  and  played  back  later. 

The  filter  was  then  placed  near  the  upstream  end  of  the  system  to  observe 
the  flow  effects  since  the  flow  amplitudes  are  greater  near  the  accumulator. 
The  system  configuration  is  shown  in  Figure  187.  The  following  parameters 
were  recorded  for  the  test  runs:  P^^,  P2,  Q2»  Q^*  and  valve  position. 

Pj , Pj,  P^  and  were  recorded  directly  on  cassette  tape. 

a.  Computer  Simulation  With  Filter  Test  Data  - A turn-on  transient  at 
125°F  and  11.55  CIS  flow  was  simulated  with  the  HYTRAN  program.  The  input 
data  used  is  shown  in  Figure  188.  The  system  input  data  is  in  Figure  189. 
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FIGURE  187.  UPSTREAM  TRANSIENT  TEST  CONFIGURATION  FOR  AC-900-61  OIL  FILTER 
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FIGURE  189.  RUN  50B02  HYTRAN  INPUT  DATA  FOR  FILTER  MODEL  VERIFICATION 


For  this  low  flow  condition,  a restrictor  was  inserted  10"  downstream  of  the 
control  valve.  This  was  done  to  simulate  the  annular  volumes  in  the  control 
valve  which  totaled  about  4 cubic  inches.  At  this  low  flow  condition,  the 
valve  passages  require  a short  time  to  completely  fill  on  a tum-on  transient. 
This  charging  effect  can  be  seen  on  the  data  taken  in  the  lab.  Therefore,  it 
was  necessary  for  the  computer  simulation  to  completely  define  the  volumes  in 
the  control  valve  as  an  extra  line  length  to  obtain  accurate  results. 

The  filter  was  located  in  the  maximum  flow  region  of  the  system  to  study 
the  flow  effects  on  the  component  (see  Figure  187),  An  interesting  result 
of  the  test,  however,  shows  what  a good  frequency  filter  the  hydraulic  filter 
is.  The  data  in  Figure  190  was  taken  11  Inches  upstream  of  the  filter.  High 
frequency  pressure  signals  between  500  and  1000  Hz  are  superimposed  on  the 
pressure  trace.  Figure  191  is  the  pressure  data  17  Inches  downstream  of  the 
filter.  The  high  frequency  content  of  the  P2  trace  has  been  filtered  out  as 
the  pressure  signal  passed  through  the  filter  component. 

The  computer  output  data  shows  good  correlation  to  the  actual  pressure 
values  in  Figures  190,  191,  and  192.  In  Figure  192,  the  data  signal  contains 
a sharp  downward  spike  on  the  first  pressure  dip.  This  is  due  to  the  filling 
of  annular  passages  in  the  control  valve. 
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The  flow  plot  of  Figure  193  again  illustrates  the  difference  in  the  com- 
puted and  measured  flowrates.  The  computed  flow  is  an  average  flow  value 
across  the  entire  velocity  profile  in  the  line.  The  measured  flowrate  of  the 
hot  film  anenometers  is  a localized  segmented  flow  out  of  a small  region  of 
the  velocity  profile.  The  data  run  in  Figure  J93  shows  how  the  flow  on  turn- 
on is  less  than  the  computed  predicted  results.  As  the  velocity  profile 
developes  in  the  line  and  the  localized  flow  approaches  the  average  flow,  the 
computed  values  show  a better  correlation  to  the  data. 

A turn-off  transient  at  125“F  and  11,55  CIS  flow  was  simulated  with  the 
HYTRAN  program  using  the  measured  data  of  Figure  194  and  computer  input  data 
in  Figures  195.  ITiis  run  contained  a hydraulic  oil  filter  with  a filter  ele- 
ment. 

Figure  196  is  an  overplot  of  the  computed  pressure  data  20  Inches  down- 
stream of  the  filter  with  the  pressure  data  measured  17  inches  downstream  of 
the  filter.  Again,  the  program  indicates  reasonable  correlation  to  the  data 
run.  On  the  actual  data  plot  note,  the  precursor  downward  pressure  spike 
prior  to  the  first  pressure  peak  due  to  the  mechanical  stress  signal  arriving 
via  the  walls  of  the  tube  before  the  pressure  signal. 

Figures  197  and  198  are  the  flow  plots  for  this  simulation.  The  actual 
steady  state  flow  measured  appears  to  be  about  2 CIS  lover  than  that  predicted 
by  the  program. 
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FIGURE  195. 


RUN  51B02 


HYTRAN  INPUT  DATA  FOR 


FILTER  MODEL  VERIFICATION 


FIGURE  196.  51B02-P3  TURN-OFF  TRANSIENT 


Figure  199  is  the  input  boundary  pressure  for  the  data  of  Figure  200. 

The  filter  is  located  in  the  downstream  location  in  Figure  186.  Overplots  of 
the  computer  runs  were  made  in  Figures  201,  202,  203  and  204.  For  the  recorded 
data  in  Figure  203,  note  the  dip  prior  to  the  first  pressure  peak.  This 
precursor  is  due  to  the  arrival  of  the  mechanical  line  vibration  before  the 
pressure  wave.  The  plots  shown  in  Figures  201  and  202  are  the  pressure  traces 
up  and  downstream  of  the  filter  component.  There  is  a slight  time  delay  in 
the  pressure  signal  as  it  passes  through  the  filter  bowl.  Also  note  some 
amplitude  damping  for  this  turn-off  transient  on  the  upstream  pressure  trace 
(Figure  201).  Both  pressure  and  flow  (Figure  204)  computer  printouts  show 
good  correlation  to  the  measured  data. 
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FIGURE  199.  AC-900-61D1  FILTER  HOUSING  (NO  ELEMENT)  50A01-P1  TURN-OFF  TRANSIENT 

38.5  CIS  125'’F 
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FIGURE  200.  RUN  50A01  HYTRAN  INPUT  DATA  FOR  FILTER  MODEL  VERIFICATION 


FIGURE  201.  50A01-P2  TURN-OFF  TRANSIENT 
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FIGURE  202. 


50A01-P3  TURN-OFF  TRANSIENT 


FIGURE  203.  50A01-PA  TURN-OFF  TRANSIENT 
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FIGURE  20A.  50A01-Q2  TURN-OFF  TRANSIENT 


The  next  computer  simulation  used  51A01-P1  data  In  Figure  205  taken  In 
the  lab  at  125®F  and  38.5  CIS  for  a turn-off  transient.  Input  with  the  Pi 
data  was  the  input  system  configuration  and  test  conditions  shown  in  Figure 
206. 

The  plots  in  Figure  207  and  208  are  up  and  downstream  pressures  on  either 
side  of  the  oil  filter.  All  the  overplots  of  pressure  in  Figures  207,  208 
and  209  show  good  correlation  with  the  computer  predicted  results.  From  the 
pressure  plots  the  actual  plotting  is  off  by  a character  making  the  simula- 
tion appear  to  be  in  error  in  the  predicted  damping  frequency. 

The  computed  flow  values  in  Figure  210  match  well  the  anemometer  test 
measurements.  The  computer  program  predicted  correctly  the  first  flow  reversal 
magnitude  and  also  some  of  the  subsequent  flow  magnitudes. 

b.  Observations  - The  filter  component  was  located  near  the  fast  closing 
control  valve  in  Figure  186  to  study  the  filter's  volumetric  effects  on  the 
system  during  tum-on  and  turn-off  transients.  An  interesting  result  obtained 
from  the  lab  data  showed  the  filter  with  an  element,  attenuated  the  pressure 
wave  less  than  a filter  without  an  element  for  turn-off  transients.  This 
can  be  graphically  shown  by  overlaying  Figures  201  and  207  (without  element). 
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FIGURE  205.  AC-900-61D1  FILTER  WITH  ELEMENT  51A01-P1  TURN-OFF  TRANSIENT 

38.5  CIS  125‘’F 
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FIGURE  206.  RUN  5IA01  HYTRAN  INPUT  DATA  FOR  FILTER  MODEL  VERIFICATION 
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FIGURE  207. 


51A01~P2  TURN-OFF  TRANSIENT 


FIGURE  208.  51A01-P3  TURN-OFF  TRANSIENT 
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These  pressures  were  recorded  18"  upstream  of  the  filter.  The  third  and  fourth 
pressure  dips  are  at  about  2500  and  2700  PSI  respectively.  While  the  corres- 
ponding dips  In  Figure  205,  a filter  with  an  element,  are  about  2400  and  2600 
PSI.  The  remaining  pressure  data  taken  at  the  F3  and  PA  transducer  positions 
for  both  runs  also  Indicate  the  same  results. 

In  Figure  210,  the  first  flow  reversal  has  a magnitude  of  27  CIS  which  Is 
4 CIS  larger  than  the  corresponding  flow  In  Figure  204.  Subsequent  flow 
reversals  also  Indicate  similar  results.  The  flow  data  confirms  what  the 
pressure  data  has  shown.  The  flow  rates  In  the  filter  with  an  element  are 
slightly  higher  than  those  In  a filter  without  an  element  resulting  in  less 
pressure  attenuation. 

At  first  glance.  It  would  appear  that  the  data  is  mislabeled,  but  the 
low  flow  rate  runs  (51A02,  51A02)  also  Indicate  this  phenomena,  and  the 
HYTRAN  computer  program  also  predicts  the  same  results. 

The  reasons  why  an  empty  filter  housing  would  attenuate  a pressure  signal 
more  than  a filter  with  an  element  in  this  system  configuration  is  not  clearly 
understood.  Perhaps  the  charging  time  constant  of  a filter  with  an  element 
changes  significantly  as  the  element  is  removed  resulting  In  the  attenuation 
difference. 

c.  Using  Filter  Model  With  Head  Exchanger  Test  Data  - An  attempt  was 

made  to  use  the  filter  subroutine  (FILT81)  as  the  model  for  a heat  exchanger 
with  the  test  data  measured  In  the  lab  on  a F-4  utility  heat  exchanger.  Table 
9 contains  a summary  of  the  tests  that  were  performed.  The  system  configura- 
tion is  shown  in  Figure  211. 

TABLE  9 

TEST  CONDITIONS  FOR  F-4  UTILITY  HEAT  EXCHANGER 


Transient 

Flow 

Temeprature 

Run  No. 

Condition 

(GPM) 

(»F) 

62-08-XX 

Turn-Off 

3 

125 

62-08+XX 

Turn-On 

3 

125 

62-10-XX 

Turn-Of  f 

3 

210 

A run  was  made  using  the  test  conditions  and  the  62-08+P4  and  62-08+P5 
data  as  the  boundary  conditions.  The  results  of  the  tum-on  simulation  is  shown 
In  Figure  212,  213,  214  and  215.  The  simulation  indicates  that  the  filter 
model  was  Insensitive  to  the  return  line  transients.  Figure  212  is  the  posi- 
tion immediately  downstream  of  the  fast  control  valve  sliovn  in  Figure  211. 
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FIGURE  211.  HEAT  EXCHANGER  TEST  CONFIGURATION 


FIGURE  212.  62-08+P6  TURN-ON  TRANSIENT 
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FIGURE  215.  62-08+P3  TURN-ON  TRANSIENT 


The  sharp  dip  in  return  pressure  to  50  psi  at  43  milliseconds  is  not  simu- 
lated by  the  computer  program.  Also  at  200  milliseconds  the  calculated  pres- 
sure is  about  100  psi  above  the  data.  The  computed  data  in  Figure  215  matches 
the  P4  input  data  characteristics,  but  the  pressure  wave  is  sharply  attenua- 
ted by  the  volume  of  the  model  and  does  not  pass  through  to  the  upstream  side 
as  shown  by  the  computed  output  in  Figure  214, 

From  the  simulations  made  using  the  test  data,  the  filter  model  is  not 
adequate  in  simulating  a heat  exchanger  in  a return  line.  Further  work  on 
the  model  would  be  required  for  adequate  verification. 

d.  Conclusions  - The  HYTRAN  filter  model  calculations  of  flows  and  pres- 
sures compare  reasonably  well  with  the  test  data  measured  in  the  lab.  Because 
of  the  small  filter  used,  there  was  very  little  difference  between  the  filter 
with  and  without  an  element.  The  basic  difference  between  the  filter  and  the 
line  was  that  the  filter  supplied  more  attenuation  to  the  pressure  signal  and 
slowed  down  the  wave  speed  slightly. 

Return  side  test  data  showed  that  the  filter  model  was  not  adequate  for 
use  as  a heat  exchanger. 
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5.  CHDCK  VALVE  MODEL  VERIFICATION 

The  test  results  obtained  In  the  laboratory  on  a MCAIR  miniature  check 
valve  are  compared  to  the  HYTRAN  computer  program  check  valve  model  (CVAL31) . 
The  check  valve  used  in  the  testing  is  shovm  in  Figure  216.  The  testing  was 
performed  on  a 1/2  inch  system  with  MIL-H-5606B  hydraulic  fluid. 

The  subroutine  CVAL31  models  a simple  undamped  check  valve.  The  check 
valve  is  assumed  to  have  a variable  orifice  characteristic  between  the  fully 
open  and  fully  closed  positions.  Reverse  flow  can  take  place  transiently 
until  the  valve  closes. 

The  model  used  to  calculate  the  steady  state  pressure  drop  assumes  a 
straight  line  flow  pressure  d. op  characteristic  between  the  cracking  pressure 

and  the  fully  open  position.  In  the  transient  analysis,  the  flow  through  the 

valve  is  calculated  using  the  normal  valve  equations,  with  the  valve  orifice 
area  being  proportional  to  the  valve  displacement.  The  check  valve  test  series 
was  run  on  the  system  configuration  shown  in  Figure  217. 

The  following  parameters  were  recorded  in  the  laboratory  for  the  test 

runs:  Q2*  P3»  valve  position.  P^,  P2,  P^t  and  were  re- 

corded directly  onto  cassette  tape. 

The  test  conditions  are  shown  in  Table  10. 
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FIGURE  216.  MCAIR  MINIATORE  CHECK  VALVE 
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FIGURE  217.  TRANSIENT  TEST  CONFIGURATION  MCAIR  MINIATURE  CHECK  VALVE  7M92-8 


TABLE  10.  TEST  CONDITIONS  FOR  MCAIR  MINIA'lDRE 
CHECK  VALVE  7M92-8 


TEST 

SPECIMEN 

RUN  # 

Flow  condition 

Flow  RATE 
(CIS) 

TEMP 
(DEG  F) 

MCAIR  Miniature 

Check  Valve 

SS-Ol-XX* 

Turn-Off 

38.5 

125 

7M92-8 

55-01+XX 

lurn-On 

38.5 

125 

55-02-XX 

Turn-Off 

11.55 

125 

55-02+XX 

Turn-On 

11.55 

125 

55-05-XX 

Turn-Off 

38.5 

210 

55-0$+XX 

Turn-On 

38.5 

210 

55  OS-XX 

Turn-Off 

38.5 

210 

55-06+XX 

Turn-On 

38.5 

210 

* - XX  d«nott«  MMur^d  d«t« 

paraaetera. 
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a.  Computer  Verification  of  Check  Valve  Model  with  Test  Data  - The 
first  data  run  of  the  MCAIR  miniature  check  valve  to  be  compared  to  a computer 
run  was  for  a turn-off  transient  at  125°F  and  38.5  CIS.  The  valve  closing 
time  was  determined  from  the  data  and  the  acoustic  velocity  in  the  tube. 

The  data  from  Figure  218  was  input  into  the  computer  program  with  the  system 
schematic  Information  in  Figure  219.  The  oscillations  in  the  pressure  occur 
when  the  check  valve  poppet  is  seated  on  a turn-off  transient.  The  resultant 
pressure  wave  generated  by  the  valve  closure  oscillates  in  the  22-inch  line 
between  the  accumulator  and  the  check  valve. 

Figure  220  is  a plot  of  the  P^  data  over  the  computer  predicted  pres- 
sure at  the  P^  position  20  inches  downstream  of  the  check  valve.  The  computer 
results  show  good  correlation  on  the  first  three  pressure  peaks  in  Figure  220. 
From  the  fourth  peak  on,  the  computed  pressures  are  not  damped  enough  to  con- 
form to  the  actual  plotted  data  run.  Figure  221,  396  inches  upstream  from  the 
check  valve,  also  indicates  the  same  results.  The  average  steady  state  pres- 
sure in  the  computer  simulation  is  about  the  same  as  the  actual  test  results. 

The  first  initial  pressure  rise  corresponds  to  the  closing  of  the  check 
valve  with  a small  local  flow  existing  in  the  downstream  end  of  the  417  inch 
line.  As  the  pressure  drops  off  the  flow  proceeds  towards  the  check  valve. 


FIGURE  218.  7M92-8  CHECK  VALVE  55-01-Pl  TURN-OFF  TRANSIENT 

38.5  CIS  125*F 
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FIGURE  219.  RUN  55-01  HYTRAN  INPUT  DATA  FOR  A TURN-OFF  TRANSIENT 


FIGURE  220.  55-01-P3  TURN-OFF  TRANSIENT  WITHOUT  FLOW  FORCES 
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FIGURE  221.  55-01-P4  TURN-OFF  TRANSIENT 


Because  the  check  valve  poppet  Is  closed,  the  pressure  remains  at  a level 
higher  than  the  source  pressure.  The  rectified  effect  results  because  pressure 
and  flow  oscillations  in  the  22  inch  line  are  not  able  to  completely  override 
the  forces  on  the  poppet  which  keep  the  valve  closed. 

The  check  valve  model  does  not  account  for  displacement  flow  due  to  poppet 
motion,  variations  in  orifice  characteristics  with  poppet  position,  or  second- 
ary pressure  drops  due  to  other  flow  restrictions.  Perhaps  the  most  signi- 
ficant effect  not  modeled  in  the  CVAL31  subroutine  is  the  flow  forces  on  the 
poppet.  These  were  not  included  initially  because  they  are  not  well  defined 
theoretically  and  really  depend  on  the  actual  valve  geometry. 

The  majority  of  the  error  in  Figure  220  can  thus  be  attributed  to  flow 
force  effects  on  the  poppet.  They  are  the  most  predominant  forces  present 
in  the  check  valve  in  this  test  configuration  during  the  turn-off  transient. 

An  attempt  was  made  to  simulate  some  of  the  axial  flow  forces  in  the 

check  valve  by  equating  it  with  the  net  change  of  momentum  as  shown  in  the 

following  expression: 

F.  “ 2 * C . * AP  * W * 1 
A d 

where 

■ discharge  coefficient  for  valve  shot  width  (.65  assumed) 

AP  ■ pressure  drop  across  the  poppet 
W ■ peripheral  width  of  the  orifice 
1 - axial  length  of  the  orifice 
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The  area  of  the  opening  was  approximated  by  the  following  algorithm: 
wl  = A = K Xp  / (1  + Xp) 

where 

A = orifice  opening 

K ■■=  constant  determined  from  max  poppet  opening  and  check  valve 
inlet  area 

Xp  = poppet  position 

The  net  axial  force  was 

F = 2 * * AP  * K *Xp  (1  + X ) 

A d ^ ' p'' 

The  computer  simulation  using  PI  input  data  was  again  run  with  the  axial 
flow  force  included  in  the  check  valve  model.  The  data  j.s  overplotted  with 
the  computer  run  in  Figures  222  and  223.  The  simulation  snows  better  corre- 
lation with  the  data  but  not  a significant  improvement. 

The  computer  output  flow  plots  are  shewn  in  Figures  224  and  225.  The 
data  runs  for  these  two  plots  are  plotted  over  the  computer  runs.  Figure 

224  shows  the  flow  oscillating  in  the  22  inch  line  between  the  accumulator 
and  ch^'ck  valve.  This  corresponds  to  the  PI  pressure  trade  in  Figure  218. 

Figure  225  is  the  flow  20  inches  upstream  of  the  check  valve. 

The  HYTRAN  computer  simulation  of  a turn-on  transient  at  125‘’F  and  38.5 
CIS  was  run  using  the  input  data  of  Figure  226  and  system  data  from  Figure 
227.  The  computer  output  graphs  of  pressure  overplotted  with  the  test  data 
are  shown  in  Figures  228,  229,  and  230. 


FIGURE  222.  55A01-P3  TURN-OFF  TRANSIENT 
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FIGURE  225.  55-01-Q3  TURN-OFF  TRANSIENT 
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FIGURE  226.  7M92-8  CHECK  VALVE  55-01+Pl  TURN-ON  TRANSIENT 

38.5  CIS  125‘’F 
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FIGURE  >27.  RUN  55-01  HYTRAN  INPUT  DATA  FOR  A TURN-ON  TRANSIENT  WITHOUT  FLOW  FORCES 


FIGURE  228.  55-01+P2  TURN-ON  TRANSIENT 
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FIGURE  229.  55-01+P3  TURN-ON  TRANSIENT 
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FIGURE  230.  55-01+P4  TURN-ON  TRANSIENT 


The  Initial  steady  state,  pressure  of  the  test  data  in  Figure  228  is 
about  3020  psi  while  the  initial  steady  state  pressure  on  the  P3  data  in 
Figure  229  is  3260  psi„  This  apparent  discrepancy  in  steady  state  pressure 
can  be  explained  by  noting  the  P2  and  P3  pressure  transducer  locations  and 
the  initial  system  condition.  The  P2  pressure  transducer  is  located  11  Inches 
upstream  of  the  check  valve  while  P3  is  17  inches  downstream  of  the  same 
valve  and  the  control  valve  is  closed.  When  the  control  valve  was  originally 
closed,  the  pressure  was  elevated  above  source  pressure  in  the  line  between 
the  check  valve  and  the  control  valve.  This  high  pressure  still  remains  locked 
between  these  valves,  thus  the  pressure  differential. 

The  HYTRAN  steady  state  program  initializes  the  pressures  in  the  line 
upstream  of  the  check  valve  to  the  first  PI  data  value  and  pressure  downstream 
of  the  check  valve  is  set  to  the  initial  P3  data  value. 

The  computer  calculated  flow  plots  are  shown  in  Figures  231  and  232 
plotted  over  the  data  runs.  The  data  runs  were  played  back  from  analog  tape. 
The  timing  of  the  valve  closure  is  different  on  these  runs  due  to  the  de- 
creased sensitivity  of  the  taped  recording.  Therefore,  the  data  runs  slightly 
underlap  the  computer  results  in  Figures  231  and  232. 


FIGURE  231.  55-01+<32  TURN-ON  TRANSIENT 
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FIGURE  232.  55-01+Q3  TURN-ON  TRANSIENT 

Verification  of  the  Check  Valve  Model  with  Return  Side  Test  Data 
The  MCAIR  miniature  check  valve  was  tested  in  the  return  line  configura- 
tion shown  in  Figure  233.  The  list  of  test  runs  is  in  Table  11. 

The  computer  output  for  a turn-off  transient  is  shown  in  Figures  234, 
235,  and  236.  In  Figure  235,  the  predicted  steady  state  values  are  about  20 
psi  toohigh.  At  130  milliseconds  the  computed  pressure  drops  to  20  psi. 

The  actual  drop  in  pressure  occurs  at  140  milliseconds. 


FIGURE  233.  RETURN  SIDE  TEST  CONFIGURATION 
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TABLE  11 


CHECK  VALVE  - RETURN  TEST  SERIES 


Run  No. 

Transient  Condition 

Steady  State 
Flow  (CIS) 

Temperature 

("F) 

55-07-XX 

Turn-Off 

38.5 

125 

55-07+XX 

Turn-On 

38.5 

125 

55-08-XX 

Turn-Off 

11.55 

125 

55-08+XX 

Turn-On 

11.55 

125 

55-09-XX 

Turn-Off 

38.5 

210 

55-09+XX 

Tum-On 

38.5 

210 

55-10- XX 

Turn-Off 

11.55 

210 

55-10+XX 

Turn-On 

11.55 

210 

FIGURE  234.  55-07-P6  TURN-OFF  TRANSIENT 


FIGURE  235.  55-07-Pl  TURN-OFF  TRANSIENT 


FIGURE  236.  55-07-P4  TURN-OFF  TRANSIENT 


3,  Conclusions  - The  HYTRAN  check  valve  model  compares  favorably  to  the 
test  data  measured  in  the  lab.  Discrepancies  exist  between  the  data  and  the 
mathematically  predicted  results  as  already  noted  in  this  section.  The  major- 
ity of  the  model  error  can  be  attributed  to  the  absence  of  adequate  flow  force 
effects  on  the  poppet  in  the  calculation.  The  actual  forces  are  not  well  de- 
fined theoretically  and  really  depend  upon  the  actual  valve  geometry. 

Attempts  to  Include  axial  flow  forces  in  the  calculations  contributed  some 
improvement  for  the  125®F  and  210'’F,  11.55  and  38.5  CIS  turn-off  transient  cal- 
culations . 

Since  the  CVAL31  subroutine  was  written  for  a general  check  valve  it 
appears  that  this  model  is  completely  adequate  for  what  it  was  designed  to 
accomplish. 
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6.  RESTRICTOR  MODEL  VERIFICATION 


In  this  section  the  test  results  obtained  In  the  laboratory  on  a Lee  Jet 
and  a Lee  Vlsco  Jet  are  compared  to  the  HYTRAN  computer  program  restrictor 
model  (REST41).  The  restrictors  used  In  the  testing  are  shown  in  Figure  237. 

The  Lee  Jet  contains  a calibrated  orifice  and  two  matched  filters.  The  orifice 
was  measured  to  be  approximately  0.00945"  In  diameter.  The  Lee  Jet  was  Installed 
in  a 1/4"  AN  union  for  testing. 


THIS  IS  THE  VISCO  JET  PRINCIPLE 

TANGENTIAL  SLOTS  AND  SPIN  CHAMBERS 


FICURK  237  LEE  JET  AND  LEE  VISCO  JET 


The  Lee  Vlsco  Jet  consists  basically  of  slotted  discs  mounted  one  upon 
the  other  to  form  an  extremely  complex  fluid  passage.  A reasonable  degree  of 
viscosity  compensation  without  the  use  of  any  moving  parts  results  from  this 
arrangement.  The  .031"  diameter  miniature  insert  stacked  disc  type  Vlsco  Jet 
has  the  same  pressure  drop  rating  as  the  .009"  dla  Lee  Jet. 


l‘)5 


The  Lee  and  Vlsco  Jets  were  compared  to  determine  if  there  was  any 
appreciable  attenuation  effects  due  to  the  presence  of  the  stacked  discs 
over  the  ordinary  orifice.  The  testing  was  performed  on  a 1/2  inch  system  with 
MIL-H-5606B  hydraulic  fluid. 

The  subroutine  REST41  models  a fixed,  two  way,  orifice  restrictor  with 
two  connections.  The  coefficient  of  discharge  is  assumed  the  same  for  flow  in 
either  direction.  It  is  assumed  that  the  restrictor  does  not  have  any  ancillary 
parts  and  that  the  oil  volume  is  sufficiently  small  so  integration  is  not 
required. 

The  restrictor  test  series  was  run  on  the  system  configuration  shown 
in  Figure  238.  The  system  pressure  line  was  teed  into  about  45"  upstream  of 
the  control  valve.  The  test  section  consisted  of  a 15  1/2"  length  tube,  two 
19  1/4"  Instrumented  sections  containing  the  four  pressure  transducers,  the 
test  specimen  and  a shut-off  valve  which  was  closed  for  the  testing.  The  other 
end  of  the  valve  was  connected  to  the  return  line  for  bleeding  of  this  short 
bypass  section. 


^DRILLED  OUT 
/ AN816«  UNION  (TYP) 

* 


FIGURE  238  TRANSIENT  TEST  CONFIGURATION  FOR  LEE  JET  AND  VISCO  JET 
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The  following  parameters  were  recorded  In  the  laboratory  for  the  test 
runs:  , P^  and  P^.  The  anemometers  were  not  used  because  they  could 

not  accurately  measure  the  low  flow  rates  In  this  short  section. 

The  test  conditions  are  shown  in  Table  12. 


TABLE  12 

TEST  CONDITIONS 

FOR  LEE  JET 

AND  LEE  VISCO 

JET 

Test 

lUin  It 

K 1 ow 

Flow  Kate 

Temp 

Spec  Jmen 

Cond 1 t Ion 

(CIS) 

(DEG  F) 

Lee  Jet  (.009  dia) 

60-01 -XX* 

Turn-OI r 

38.5 

125 

JETA  18758500 

II 

60-01+XX 

Turn-On 

38.5 

125 

It 

60-05-XX 

Turn-Off 

38.5 

215 

It 

60-05FXX 

Turn-On 

38.5 

215 

Lee  Vlsco  Jet  (.031 

59-01-XX 

Turn-Off 

38.5 

130 

Dla)  VDLA  6810880D 

II 

59-01+XX 

Turn-On 

38.5 

125 

tl 

59-05-XX 

Turn-Off 

38.5 

215 

II 

59-05+XX 

Turn-On 

38.5 

220 

XX  denotes  measured  data  parameters 


a . Computer  Simulation  with  Restrictor  Test  Data 

A turn-off  transient  at  125°F  and  38.5  CIS  was  simulated  with  the  HYTRAN 
computer  program  using  the  input  data  of  Figure  239  and  the  system  data  shown 

in  Figure  240.  The  output  pressure  plots  are  shown  in  Figures  241  and 
24  2. 
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3S.5  CIS  125  F 

FIGURE  239  LEE  JET  .009  IN.  DIA. 

60-01-Pl  TURN-OFF  TRANSIENT 
38.5  CIS  125‘’F 
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FIGURE  240  RUN  60-01  HYTRAN  INPUT  DATA  FOR  LEE  JET 
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The  computer  results  show  excellent  correlation  to  the  laboratory 
test  data  for  both  up  and  downstream  of  the  Lee  Jet  restrictor  in  the  dead 
ended  line.  The  oscillating  pressure  shown  on  the  239  input  data  curve 
occurs  in  the  line  from  the  point  where  the  system  is  teed  off  to  the  test 
specimen.  This  resonance  was  simulated  by  the  computer  program  as  indicated 
in  Figure  241.  The  maximum  pressure  obtained  in  the  line  upstream  of  the  Lee 
Jet  was  4000  psi.  This  was  a 1300  psi  jump  from  the  steady  state  level. 
Downstream  of  the  Lee  Jet  the  maximum  pressure  reached  was  about  3025  psi 
as  shown  in  Figure  242.  This  was  only  about  a 320  psi  rise  above  the  initial 
steady  state  pressure. 

No  flow  measurements  were  made  in  this  dead  ended  system  because  of  the 
extremely  low  flow  rates  involved.  However,  the  computer  program  did  compute 
the  flows  in  the  line  as  shown  in  Figure  243.  Tha  flow  is  upstream  of  the 
restrictor. 
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FIGURE  243  60-01-02  TURN-OFF  TRANSIENT 


A turn-off  transient  at  llO^F  and  38.5  CIS  was  simulated  on  the  HYTRAN 
computer  program  using  the  input  data  for  tha  Lee  Visco  Jet  in  Figure  244. 

The  computer  output  pressure  and  flow  plots  are  shown  in  Figures  245 
and  246.  The  computer  pressure  plots  show  good  correlation  with  the  lab 
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FIGURE  246  59-01-P3  TURN-OFF  TRANSIENT 

TUere  was  also  no  appreciable  attenuation  effects  through  the  Visco 
Jet  as  was  initially  sunnected.  This  can  be  seen  in  Figure  246  which  was 
downstream  of  the  Visco  Jet.  The  Visco  Jet  appears  to  behave  the  same  way 
transiently  as  the  simple  Lee  Jet  with  the  orifice. 

A turn-on  trar.aient  at  125“F  and  38.5  CIS  was  simulated  with  the  computer 
program  using  the  data  input  from  Figure  247  and  the  computer  input  informa- 
tion given  in  Figure  248.  The  output  pressures  and  flows  are  shown  in  Figures 
249,  250  and  251.  The  pressure  data  indicates  good  correlation  with  the 
computci  output  plots.  The  maximum  pressure  reached  upstream  cf  the 
Visco  Jet  was  about  3200  psi  as  shown  in  Figure  249. 

b.  Observations  - To  show  the  relative  phase  relationship  between 

the  input  and  output  pressures  of  a Lee  Jet,  P2  and  P3  were  plotted  versus 
time  in  Figure  252.  The  data  run  plotted  was  a turn-off  transient  at 
125“F  and  38.5  CIS.  The  plot  shows  that  over  a 180®  cycle  of  P2  the  P3 
pressure  just  rises,  while  during  the  next  180°  of  P2,  where  P2  falls  then 
rises,  the  P3  pressure  just  falls. 

Plot  of  P2  over  P3  for  a turn-on  transient  follow  exactly  the  same 
relationships  as  well  as  P2  and  P3  plots  for  the  Lee  Visco  jet. 

c.  Conclusions  - The  HYTRAN  restrictor  model  (subroutine  REST41) 
calculations  of  pressures  compare  reasonably  well  with  the  test  data 
measured  in  the  lab.  The  results  indicate  that  the  restrictor  model 
is  relatively  good. 
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FIGURE  247  LEE  VISCO  JET  .031  IN  DIA. 
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FIGURE  2A8  RUN  59-01  HYTRAN  INPUT  DATA  FOR  LEE  VISCO  JET 
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FIGURE  252  COMPARISON  BETWEEN  P2  AND  P'3  FOR  A LEE  JET 
.009  IN  DIA.  TURN-OFF  TRANSIENT 
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7.  ONE-WAY  RESTRICTOR  MODEL  VERIFICATION 

This  section  test  results  obtained  In  the  laboratory  on  an  F--15  system 
type  restrictor  (CONAIR  PN  286-5590-105)  are  compared  to  the  HYTRAN  computer 
program  one-way  restrictor  subroutine  CVAL33 . The  testing  was  performed  on  a 
1/2  Inch  system  with  MIL-H-5606B  hydraulic  fluid. 

The  restrictor's  configuration  and  dimensions  are  shown  In  Figure  253. 

The  CVAL33  subroutine  models  a simple  undamped  one-way  restrictor.  The 
check  valve  portion  of  the  restrictor  Is  assumed  to  have  a variable  orifice 
characteristic  between  the  fully  open  and  fully  closed  positions.  Some  reverse 
flow  can  take  place  transiently  through  the  orifice  when  the  valve  closes. 


D 


Free 

Flow 


FIGURE  253  TYPE  33  ONE-WAY  RESTRICTOR 


The  model  used  to  calculate  the  steady  state  pressure  drop  assumes  a 
straight  line  flow  pressure  drop  characteristic  between  the  cracking  pressure 
and  the  fully  open  position.  In  the  transient  analysis  the  flow  through  the 
valve  Is  computed  using  a parallel  orifice  arrangement.  The  flow  through  the 
valve  area  is  proportional  to  the  valve  displacement  and  the  flow  through  the 
orifice  Is  proportional  to  the  orifice  diameter  and  discharge  coefficient. 

The  restrictor  test  series  was  run  on  the  system  configuration  shown  in 
Figure  254. 

The  following  parameters  were  recorded  in  the  laboratory  for  the  test 
runs:  P^^,  P^,  Q^,  P^,  P^,  and  valve  position.  P^ , P^ , P^  and  were 

recorded  directly  onto  cassette  tape. 


FIGURE  254  TRANSIENT  TEST  CONFIGURATION  FOR  ONE-WAY  RESTRICTOR 


a . Computer  Simulation  with  One-Way  Restrictor  Test  Data 
The  first  data  run  of  the  CONAIR  one-way  restrictor  to  be  compared  to  a 
computer  run  was  for  a turn-off  transient  at  130’F  and  38.5  CIS.  The  valve 
closing  time  was  determined  from  the  pressure  data  and  the  acoustic  velocity 
in  the  tube.  The  data  from  Figure  255  was  input  into  the  computer  program 
with  the  input  data  shown  in  Figure  256.  The  results  are  shown  over  plotted 
with  data  in  Figure  257,  258,  259  and  260. 

The  one-way  restrictor  is  installed  so  that  the  flow  is  in  the  restricted 
direction,  thus  in  Figures  257  and  258  the  pressure  drop  across  the  restrictor 
is  over  300  PSI. 
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FIGURE  255  CONAIR  5590-105  F-15  RESTRICTOR 
56-01-Pl  TURN-OFF  TRANSIENT 
38.5  CIS  130°F 
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FIGURE  256  RUN  56-01  HYTRAN  INPUT  DATA  FOR  A TURN-OFF  TRANSIENT 
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FIGURE  257  56-01-P2  TURN-OFF  TRANSIENT 


FIGURE  258  56-OI-P3  TURN-OFF  TRANSIENT 


FIGURE  259  56-01-P4  TURN-OFF  TRANSIENT 
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FIGURE  260  56-01-03  TURN-OFF  TRANSIENT 
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Figure  259  Is  a plot  of  the  P4  data  over  the  computer  predicted 
pressure  at  the  P4  position  18  Inches  upstream  of  the  control  valve.  The 
computer  results  indicate  good  correlation  with  the  test  data.  Figures 
257  and  258  on  either  side  of  the  restrictor  also  show  favorable  comparisons. 
The  computed  maximum  value  for  the  first  peak  pressure  is  not  plotted 
in  Figures  257  and  258.  For  this  HYTRAN  program  output  only  one  point 
is  plotted  for  every  ten  that  are  calculated.  The  test  data  indicates  a max 
value  because  all  the  sampled  data  points  are  plotted.  For  Figure  258 
the  computed  max  value  was  3550  PSI.  The  measured  value  was  3660  PSI. 

The  restrictor  model  does  not  account  for  displacement  flow  due  to 
poppet  motion,  variations  in  orifice  characteristics  with  poppet  position,  or 
secondary  pressure  drops  due  to  other  flow  restrictions.  Axial  flow  forces 
however  are  Included  in  the  one-way  restrictor  model.  The  net  axial  force 
is  computed  as : 

F.  = 2*C,*AP*ARFAC  (1) 

A a 

where 

C.  = discharge  coefficient  for  valve  slot  width  (.65  assumed) 
d 

AP  = pressure  drop  across  the  poppet 

ARFAC  = area  subjected  to  flow  forces 

The  computer  output  flow  plot  is  shown  in  Figure  260  with  the  data 
run  plotted  over  it. 

The  HYTRAN  computer  simulation  of  a turn-on  transient  at  125°F  and 
38.5  CIS  was  run  using  the  input  data  of  Figure  261  and  system  data 
from  Figure  262.  The  computer  output  graphs  of  pressure  overplotted  with 
the  test  data  are  shown  in  Figures  263,  264  and  265. 

The  computer  results  correlate  well  with  the  test  data  for  both  up  and 
downstream  of  the  one-way  restrictor.  The  P2  test  data  is  considerably  noisier 
than  the  other  pressure  data  because  it  was  played  back  from  an  analog  tape 
unit . 

The  computer  calculated  flow  plot  is  shown  In  Figure  266  plotted  over 
the  data  run.  The  test  data  for  the  initial  flow  peak  does  not  reach 
the  predicted  results.  This  discrepancy  exists  because  the  anemometer  does 
not  measure  the  bulk  or  average  flow  in  the  tube  but  only  local  velocity, 
c.  Conclusions  - The  HYTRAN  one-way  restrictor  model  (subroutine  CVAL33) 
calculations  of  pressures  and  flows  compare  reasonably  well  with  the  test 
data  measured  in  the  lab.  A few  discrepancies  exist  between  tlie  data  and 
mathematically  predicted  results  as  already  noted.  The  results  indicate 
that  tlie  model  Is  adequate  for  the  conditions  tested. 
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FIGURE  261  CONAIR  5590-105  F-15  RESTRICTOR 
56-01+Pl  TURN-ON  TRANSIENT 
38.5  CIS  125°F 
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FIGURE  265 


56-01+P4  TURN-ON  TRANSIENT 


figure  266  56-01+Q3  TURN-ON  TRANSIENT 


8.  HOSE  MODEL  VERIFICATION 


The  test  results  obtained  in  the  laboratory  on  a 1/4"  and  5/8"  flexible 
hose  are  compared  to  the  HYTRAN  computer  program  hose  model  in  the  line  subroutine. 
The  testing  was  performed  on  a 1/2  inch  system  with  MIL-H-5606B  hydraulic  fluid. 

The  hose  model  is  incorporated  as  part  of  the  3.ine  subroutine  in  the 
HYTRAN  program.  The  line  subroutine  uses  the  classical  distributed  parameter 
wave  equations  to  model  the  lines  and  hoses.  The  equations  are  solved  using 
the  method  of  characteristics  and  finite  difference  techniques. 

In  the  line  subroutine,  an  effective  bulk  modulus  is  computed  for  the 
hose  combining  both  hose  and  fluid  characteristics.  The  effective  bulk  modulus 
is  calculated  from  the  following  equation: 

-I = 2 + 1 Q) 

BULK  BULK,  BULK  ^ ' 

e hose  oil 

The  velocity  of  sound  in  the  hose  is  then  computed  using  BULK^.  The 

BULK  and  velocity  of  sound  calculation  are  the  basic  differences  between 
e 

the  line  and  hose  models  in  the  line  subroutine. 

The  hose  test  series  was  run  on  the  system  configuration  shown  in 
Figure  267. 


FIGURE  267  TRANSIENT  TEST  CONFIGURATION  FOR  1/4  IN.  AND  5/8  IN.  FLEXIBLE  HOSES 
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The  following  parameters  were  recorded  in  the  laboratory  for  the  test 


runs:  P2,  Q2>  Q 

recorded  directly  onto  casse 
The  test  conditions  are 

TABLE  13  TEST  CONDITIONS 


Test 

Specimen 

Run  1 

1/4"  Dla  X 22" 

LG,  steel  braided 

57-01-XX* 

Teflon  hose 

P/N  730900-4- 

57-01+XX 

0240 

57-02-XX 

57-02+XX 

57-05-XX 

57 -05+XX 

57-06-XX 

57-06+XX 

5/8"  dia  X 

24"  Lg 

58-01-XX 

Steel  Braided 

58-Oi+XX 

Teflon  Hose 

P/N  730900-10- 

58-02-XX 

0240 

58-02+XX 

58-05-XX 

58-05+XX 

58-06-XX 

58-06+XX 

^ and  valve  position.  I 
;te  tape. 

shown  in  Table  13 . 

FOR  1/4  IN.  AND  5/8  IN. 

Plow  Condi tloD 

Turn-Off 

Turn-On 

Turn-Off 

Turn-On 

Turn-Off 

Turn-On 

Turn-Off 

Turn-On 

Turn-Off 

Turn-On 

Turn-Off 

Turn-On 

Turn-Off 

Turn-On 

Turn-Off 

Turn-On 


, P^  , P^  and 

were 

STEEL  BRAIDED 

TEFLON  HCSES 

Flow  Rate 
(CIS) 

Temp 
(Deg  F) 

38.5 

130 

39.5 

130 

11.55 

130 

11.55 

125 

38.5 

210 

38.5 

210 

11.55 

210 

11.55 

210 

38.5 

125 

38.5 

125 

11.55 

125 

11.55 

125 

38.5 

210 

38.5 

210 

11.55 

210 

11.55 

210 

* _ 


XX  denotes  measured  data  parameters 
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a.  Computer  Simulation  with  Hoae  Test  Data  - A turn-off  transient  in  a 
1/2''  system  with  a 1/4"  dia  x 19"  long  steel  braided  teflon  hose  was 
simulated  using  the  data  of  Figure  248  and  the  input  data  in  Figure  269. 

The  HYTRAN  program  conditions  were  s» t at  38.5  CIS  and  130°F.  The  computer 
output  pressures  and  flows  are  shown  in  Figures  270,  271,  272  and  273. 

The  data  in  Figure  270  was.  recorded  approximately  19"  upstream 
of  the  1/4"  hose.  The  computer  results  Indicate  good  amplitude  correlation 
with  the  data.  However  the  predicted  frequency  of  the  decaying  pressure 
waveform  is  slightly  less  than  the  data  frequency.  In  Figure  270  at 
0.2  sec  the  computer  results  are  in  error  by  about  6 milliseconds.  The 
computer  predicted  data  in  Figure  271  immediately  downstream  of  the 
19"  long  hose  and  Figure  272,  17"  downstream  of  the  hose  indicate  the 
same  results. 


0 . 0 


0 ■ 10 

I'lME  IN  SECONDS 


0.20 


FIGURE  268  .25  IN.  STEEL  BRAIDED  HOSE 

57-01-Pl  TURN-OFF  TRANSIENT 
38.5  CIS  laO'F 
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FIGURE  269 


RUN  57-01  HYTRAN  INPUT  DATA  FOR  TURN-OFF  TRANSIENT 


FIGURE  270 


57-01-P2  TURN-OFF  TRANSIENT 


BEST  AVAILABLE  COPY 
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FIGURE  272  57-01-P4  TURN-OFF  TRANSIENT 
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FIGURE  273  57-01-Q2  TURN-OFF  TRANSIENT 


The  source  of  this  discrepancy  In  frequency  may  be  attributable 
to  the  lack  of  appropriate  turbulent  damping  characteristics  in  the  dynamic 
friction  subroutine  DFRICD.  Since  little  is  known  about  the  effects  of 
dynamic  friction  under  turbulent  flow  conditions,  DFRICD  uses  the  same 
equations  to  calculate  turbulent  as  well  as  laminar  flow  pressure  drops 
under  dynamic  conditions.  A computer  run  was  made  to  determine  the  effect 
of  leaving  the  turbulent  pressure  drop  update  out  of  the  simulation.  Figure 
274  shows  a minor  increase  in  the  amplitude  of  the  decaying  waveform 
and  a slight  increase  in  the  computer  predicted  frequency.  Figures  275 
and  276  indicate  the  same  results.  A better  update  for  dynamic  losses  under 
turbulent  conditions  would  improve  the  hose  simulation. 

Another  source  of  the  frequency  error  in  Figure  268  could  come  from 
the  characteristic  solutions  of  different  line  sizes  in  a long  length  of 
tubing.  Unfortunately  test  data  is  not  available  to  conform  or  dispute 
this . 

A turn-on  transient  was  simulated  with  the  HYTRAN  program  using  the 
test  data  from  Figure  277  and  the  input  data  of  Figure  278.  The  output 
pressures  and  flows  are  shown  in  Figures  279,  280  and  281. 
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FIGURE  274  57-01-P2A  TURN-OFF  TRANSIENT 
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FIGURE  277  ,25  IN.  STEEL  BRAIDED  HOSE 
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FIGURE  279  57-01+P2  TURN-ON  TRANSIENT 
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Figure  279  shows  a small  frequency  error  between  the  computed  frequency 
and  test  results.  The  first  predicted  pressure  peak  at  .06  seconds  is 
about  100  psi  below  the  actual  value.  Likewise  for  Figure  280  the  computed 
reflected  pressure  wave  amplitude  for  the  turn-on  transient  is  less 
than  the  test  data.  Under  predicting  the  amplitude  of  the  reflected 
pressure  wave  also  occurred  for  the  1/2"  x 30'  line  simulation.  This  may 
be  due  to  poor  dynamic  pressure  loss  predictions  for  the  turbulent  flow 
region  in  the  HYTRAN  program. 

A 5/8"  steel  braided  Teflon  hose  was  next  used  in  the  computer 
simulation  at  38.5  CIS  flow  and  125"F  with  the  input  data  of  Figure  282 
and  Figure  283.  The  results  are  shown  in  Figures  284,  285,  286,  287  and  288. 

In  Figure  284  the  computer  predicted  output  has  a slightly  higher 
frequency  than  the  test  results. 

This  discrepancy  between  the  predicted  and  actual  damping  frequency 
can  be  due  in  part  to  the  lack  of  an  adequate  turbulent  pressure  loss  term 
in  the  DFRICD  subroutine. 
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FIGURE  287  58-01-Q2  TURN-OFF  TRANSIENT 
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A turn-on  transient  with  a 5/8"  hose  was  simulated  to  observe  whether 
it  would  indicate  the  same  under  prediction  on  the  calculation  of  the 
reflected  pressure  wave  as  in  run  #57—01  with  the  1/4"  hose.  After 
inputting  the  data  of  Figure  289  and  Figure  290  into  the  HYTRAN  program, 
the  results  were  as  expected.  Figures  291,  292  and  293  all  show  that 
between  .06  and  .08  seconds  the  computed  pressure  values  are  less  than 
the  test  data.  The  pressure  plots  also  show  that  the  frequency  of  the 
predicted  values  is  actually  faster  than  the  measured  results.  This 
follows  the  same  pattern  as  the  turn-off  transient  for  the  5/8"  hose. 

The  anemometer  flow  data  is  shown  plotted  over  the  computer  results 
in  Figure  294. 
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FIGURE  291  58-01+P2  TURN-ON  TRANSIENT 
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FIGURE  292  5;  01+P3  TURN-ON  TRANSIENT 
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FICUKE  294  58-01+Q2  TURN-ON  TRANSIENT 

b.  Conclusions  - The  hose  model  calculations  of  flows  and  pressures  did 
not  compare  well  with  the  test  data.  For  the  1/4"  hose  the  computer  result 
predicted  a lower  frequency  than  was  actually  measured.  However,  the 
amplitudes  on  the  computed  pressures  match  well  with  the  test  results. 

The  5/8"  hose,  computer  results  showed  a higlier  frequency  than  the  test 
data.  The  amplitude  correlation  with  the  computed  pressures  was  good. 

In  turn-on  transients  for  both  hoses  the  HYTRAN  program  consistently 
under  predicted  the  maximum  pressure  amplitude  of  the  test  data. 

9.  TWO  ST.AGE  RELIEF  VALVE  MODEL  VERIFICATION 

The  test  results  obtained  on  a two  stage  high  response  relief  valve 
are  compared  to  the  HYTRAN  computer  program  valve  model  - subroutine  CVAL34. 

The.  test  on  tlie  relief  valve  was  performed  on  a one  inch  system  with  MIL-H-83282 
Subroutine  CVAL34  models  a two  stage  relief  valve  of  the  type  shown  in. 
Figure  295.  This  is  a high  response  device  used  to  limit  pressure  surges 
and  prevent  system  overpressures  due  to  pump  failure. 

The  relief  valve  is  assumed  to  have  a variable  orifice  characteristic 
between  the  fullv  open  a.id  fully  closed  positions.  The  effects  of  flow 
forces  on  the  poppet  are  not  included  since  these  are  not  very  well  defined 
theoretically  and  depend  on  the  actual  valve  geometry. 

In  the  steady  state  section  the  relief  valve  is  assumed  to  be  closed  with 
no  pilot  flow.  In  the  transient  analysis  the  flow  through  the  valve  is  computed 
with  the  normal  valve  equations.  The  poppet  position  is  predicted  from 
the  previous  time  step  and  is  used  to  compute  the  valve  orifice  area. 


FIGURE  29i  TYPE  NO.  34  TWO  STAGE  RELIEF  VALVE 


The  two  stage  relief  valve  test  series  was  run  on  the  system  configuration 
shown  in  Figure  296. 

The  following  parameters  were  recorded  for  the  test  runs;  PI,  P2,  P3 , 

P4,  P5,  Q5,  P6,  P7  and  XV  - the  valve  position. 

The  test  runs  are  listed  in  Table  14.  Typically  a baseline  run  was 
made  without  the  relief  valve  in  the  system,  then  a run  was  made  with  the 
relief  valve.  Only  turn-off  transients  were  investigated. 

TABLE  14 

TWO  STAGE  RELIEF  VALVE  TEST  RUNS 


Run  Number 

Test  Condition 

Steady  State 
Flow  (CIS) 

Temperature 

72-05-XX 

Turn-of  f 

100 

132 

7 2-()6-XX 

150 

131 

72-07-XX 

«l 

100 

207 

72-08-XX 

ft 

150 

211 

72-09-XX 

It 

100 

131 

72-10-XX 

I : 

150 

132 

72-11-XX 

ft 

100 

210 

7 2-12 -XX 

If 

150 

212 

XX-Denotes  run  parameter 
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FIGURE  296  TWO  STAGE  RELIEF  VALVE  TEST  BENCH  SCHEMATIC 


The  first  four  test  runs  on  the  valve  (72-01-XX  thru  72-04-XX)  were  made 
without  the  accumulator  shown  in  Figure  296  in  the  system.  The  upstream 
boundary  condition  at  the  PI.  transducer  was  found  to  be  too  noisy  for  use  in 
the  computer  program.  The  insertion  of  the  accumulator  downstream  of  the  pump 
did  provide  a better  boundary  condition. 

a.  Computer  Simulation  Without  the  Test  Data  - Test  results  indicated 
that  the  control  valve  used  to  generate  the  transients  was  bouncing 
on  closure.  An  attempt  was  made  to  simulate  the  exact  valve  characteristics 
But  the  strain  gage  device  on  the  spring  used  to  close  the  valve  was  not 
capable  of  determining  an  actual  poppet  position.  Therefore  adequate  Simula 
tion  of  the  two  stage  relief  valve  was  not  possible. 
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A computer  simulation  was  made  without  the  test  data.  The  boundary 
conditions  chosen  were  similar  to  the  actual  test  data.  This  baseline 
run  was  made  without  the  two-stage  relief  valve  in  place.  Figure  297  is  the 
printout  of  the  pressure  zero  inches  along  line  number  two.  (See  Figure 
296).  The  initial  peak  pressure  reaches  375  psl  and  does  not  dampen 
appreciably  in  the  simulation.  The  flow  at  this  same  point  is  in  Figure 
298.  The  pressure  20  Inches  along  line  number  three  in  Figure  299  also 
reaches  3750  psi. 
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Next  a computer  run  was  made  at  100  CIS  with  the  two-stage  relief 
valve  in  the  system.  In  Figure  300  zero  inches  along  line  3 the  peak 
pressure  reaches  the  relief  valves  cracking  pressure  of  3750  psl  at 
22  msec  into  the  simulation.  The  relief  valve  opens  and  the  pressure 
drops  to  3200  psi  in  less  than  2 msec.  The  flow  in  line  3 quickly  increases 
as  the  two  stage  relief  valve  opens  and  then  gradually  closes  until  fully 
closed  at  130  msec  as  shown  in  Figure  301.  Figures  302  and  303  are  plots  of 
the  poppet  position  and  Internal  cavity  pressure  for  the  valve.  The  cavity 
pressure  is  typically  system  pressure  until  the  valve  relieves  then  it  falls 
to  system  return  pressure.  The  pressures  and  flows  immediately  downstream 
of  the  relief  valve  are  shown  in  Figures  30A  and  305. 
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b.  Observations  - The  effects  of  the  valve  in  the  system  can  readily  be 
seen  by  comparing  a valve  run  with  its  baseline  counterpart.  The  main 
effects  are  observed  at  tlie  150  CIS  flow  rate,  Figure  297  shows  that 
pressure  in  the  dead  ended  line  reaches  about  4000  psi  a sliort  time  after 
the  fast  control  valve  is  closed.  With  the  two  stage  high  response  relief 
valve  in  the  system  Figure  300  shows  an  initial  pressure  spike  only 
reaching  the  valve  relief  pressure  of  3750  psi.  Comparable  results  c.an  be 
observed  for  the  remainder  of  the  test  runs. 

c.  Conclusions  - The  malfunctioning  contr*'!  valve  did  not  provide  the 
necessary  sharp  turn-off  transients  in  the  test  system,  and  prevented 
the  computer  program  verification  of  the  ;wo  stage  relief  valve  model. 

The  computer  runs  made  without  the  test  data  indicate  that  the  relief 
valve  model  reasonably  simulated  tlie  actual  valve's  operating  character ist i 


10.  HYTRAN  PROGRAM  VERIFICATION  FOR  PRESSURE  EFFECTS 


In  this  section  the  pressure  effects  on  test  results  are  compared 
to  the  HYTRAN  computer  program  simulation  runs.  The  testing  was  performed 

on  a 1/2  inch  system  with  MIL-H-83282  hydraulic  fluid.  The  pump  operating 

speed  was  4000  KPM. 

The  pressure  effects  test  series  was  run  on  the  system  configuration 
sho\>m  in  Figure  306.  The  following  parameters  were  recorded  for 
the  test  runs:  P^,  P^,  , P^ , ?^,  P^,  , P^,  P^  and  control  valve 

position  X\^. 

The  data  recorded  in  this  test  series  is  designated  71. 

Table  15  contains  an  itemized  list  of  the  pressure  effects  tests. 

Test  conditions  were  established  co  study  the  changes  to  the  system  response 
at  pump  operating  pressures  ranging  from  1500  to  3750  psig.  The  pump  outlet 
pressure  was  varied  by  adjusting  the  preload  pressure  of  the  compensator 
spring.  The  effects  of  different  flow  rates  and  temperatures  at  these 
outlet  pressures  were  also  monitored. 

a.  Test  Results  and  Computer  Program  Verification  - The  first 
siir.ulation  was  made  at  a pump  outlet  pressure  of  3000  psig . The  pump 
provided  a steady  state  flow  of  100  CIS  before  the  control  valve 
was  turned  off.  The  data  in  Figures  307  and  308  were  input  with  the 
system  configuration  data  in  Figure  309  at  a temperature  of  134'’F. 

The  results  of  the  simulation  are  shown  in  Figures  310,  311,  312  and  313. 
Tb-^  P6  transducer  was  located  about  2 inches  from,  the  entrance  of  the  F-4 
reservoir.  Figure  314  shows  that  the  pressure  transducer  oscillated 
at  a high  frequency  during  the  transient.  A cavity  exists  between  the 
pressure  transducer  diaphram  and  the  tube  outer  -wall.  The  transducer 
location  at  a peak  pressure  or  mechanical  standing  wave  location  coupled 
with  the  small  volume  could  account  for  this  resonant  condition  as  shown 
in  Figure  314. 

The  computer  results  show  excellent  correlation  with  the  measured 
data  at  this  pressure  condition.  In  Figure  310  the  program  accurately 
predicts  the  measured  peak  pressure  at  28  milliseconds.  There  is  about  a 
4%  difference  in  phasing  between  the  predicted  results  and  the  lab  data 
at  0.2  seconds.  This  slight  error  may  be  attributable  to  many  factors. 
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relating  to  the  data  and  the  HYTRAN  program.  The  data  errors  may  result 
from  an  Inaccurate  temperature  reading  or  valve  closing  time.  The  main 
source  o£  program  errors  come  from  the  dynamic  friction  algorithm  and  the 
lack  of  adequate  bulk  modulus  data  for  the  hydraulic  fluid.  Desp'te  all 
of  these  factors,  the  predicted  pressure  valves  and  the  signal  phasing 
are  within  b%  of  the  measured  data. 


TABLE  15  PRE.SSURE  EFFECTS  TESTING 


RUN  ^^UMBF.R 

STEADY  STATE 
FLOW 
(CIS) 

STEADY  STATE 
PRESSURE 
(PSIG) 

RESERVOIR 

PRESSURE 

(PSIG) 

TEMP 

CF) 

TRANSIENT 

71-01-XX* 

100 

3000 

55 

134 

Turn-Off 

71-01+XX 

100 

3000 

54.5 

130 

Turn-On 

71-02-XX 

10 

3000 

55 

130 

Turn-Off 

71-02+XX 

10 

3000 

54.5 

128 

Turn-On 

71-03-XX 

100 

3000 

55 

207 

Turn-Off 

71-03+XX 

100 

3000 

54 

208 

Turn -On 

71-04-XX 

10 

3000 

55 

208 

Turn-Of  f 

71-04+XX 

10 

3000 

56 

206 

Turn-On 

71-05-XX 

100 

2500 

55 

134 

Turn-Off 

71-05x.yx 

100 

2500 

55 

130 

Turn-On 

71-06-XX 

10 

2500 

55 

13C 

Turn-Off 

71-06+XX 

10 

2500 

55 

130 

Turn-On 

71-07-XX 

100 

2500 

55.5 

211 

Turn-Off 

71-07+XX 

100 

2500 

55 

205 

Turn-On 

71-08-XX 

10 

2500 

55 

210 

Turn-Off 

71-08+XX 

10 

2500 

56 

207 

Turn-On 

71-09-XX 

38.5 

3000 

55.5 

208 

Turn-Off 

71-09+XX 

38.5 

3000 

53.5 

211 

Turn-On 

71-10-XX 

38.5 

3000 

55 

131 

Turn-Off 

71-1(HXX 

38.5 

3000 

54.5 

129 

Turn-On 

71-11-XX 

97.5 

2000 

56 

135 

Turn-Off 

71-11+XX 

97.5 

2000 

53.5 

132 

Turn-On 

71-12-XX 

10 

2000 

55.5 

132 

Turn-Off 

71-12+XX 

10 

2000 

55 

130 

Turn-On 

71-13-XX 

100 

2000 

54 

208 

Turn-Off 

71-13+XX 

100 

2000 

53 

207 

Turn-On 

71-14-XX 

10 

2000 

55.5 

210 

Turn-Off 

71-14+XX 

10 

2000 

54.5 

208 

Turn-On 

71-15-XX 

85 

1500 

54.5 

133 

Turn-Off 

71-15+XX 

85 

1500 

54.5 

131 

Turn-On 

71-16-XX 

10 

1500 

55 

134 

Turn-Off 

71-16+XX 

10 

1500 

54.5 

131 

Turn-On 

71-17-XX 

85 

1500 

55 

215 

Turn-Off 

71-17+XX 

85 

1500 

54.5 

209 

Turn-On 

71-18-XX 

10 

1500 

55.5 

209 

Turn-Off 

71-18+XX 

10 

1500 

56 

209 

Turn-On 

71-19-XX 

100 

3500 

56 

134 

Turn-Off 

71-19tXX 

100 

3500 

55 

134 

Turn-On 

71-20- XX 

10 

3500 

55.5 

133 

Turn-Off 

71-2(H-XX 

10 

3500 

54.5 

130 

Turn-On 

71-21-XX 

100 

3500 

55 

210 

Turn-Off 

71-21+XX 

100 

3500 

56 

209 

Turn-On 

71-22-XX 

10 

3500 

56 

209 

Turn-Off 

71-22+,'iX 

10 

3500 

54.5 

208 

Turn-On 

71-23-XX 

100 

5750 

54.5 

134 

Turn-Of  f 

71-23+XX 

100 

3750 

54.5 

130 

Turn-On 

71-24-XX 

10 

3750 

54.5 

130 

Turn-Off 

71-29+XX 

10 

3750 

54.5 

130 

Turn-On 

71-25-XX 

100 

3750 

55 

211 

Turn-Off 

71-25+XX 

100 

3750 

54 

208 

Turn-On 

71-26- XX 

10 

3750 

55.5 

208 

Turn-Off 

71-26+XX 

10 

37«^C 

55 

207 

Turr.-On 

71-27-XX 

57 

0 

65 

135 

Turn-Off 

71-27+XX 

57 

jooo 

6C 

130 

Turn-On 

* - XX  denotes  neasured  data  paranetcra 
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FIGURE  310  71-01-P2  TURN-OFF  TRANSIENT 
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FIGURE  312  71-01-P3  TURN-OFF  TRANSIENT 


FIGURE  313  71-01-P4  TURN-OFF  TRANSIENT 
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A turn-on  transient  was  also  made  with  the  input  data  in  Figures  315, 
316  and  317,  The  steady  state  flow  was  100  CIS  and  the  temperature  130°F. 
The  computer  output  in  Figure  318,  319,  320  and  321  show  good  correlation 
with  the  test  data.  In  Figure  320  the  predicted  pressure  dip  at  20 
millisecond  closely  follows  the  data.  However  the  computed  pressures  from 
about  30  to  80  milliseconds  falJ  150  to  200  psl  below  the  actual  values. 
This  is  typical  of  all  the  HYTRAN  simulations  of  turn-on  transients.  It 
indicates  that  the  damping  terms  provided  by  the  dynamic  friction  function 
are  perhaps  too  conservative. 

The  test  data  in  Figuies  322  and  323  were  input  wltli  the  data  in 
J'igvire  324  for  a turn-off  transient  simulation  at  a system  pressure 
c'f  1500  psig,  a temperature  of  133°F  and  a 85  CIS  steady  state  flow  rate, 
riie  results  in  Figures  325,  326,  327  and  328  stiow  gold  correlation  with 
the  iTii'.isured  data. 
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FIGURE  315  RUN  71-01  HYTRAN  INPUT  DATA  FOR  A TURN-ON  TRANSIENT 
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FIGURE  319  71-OH-Q2  TURN-ON  TRANSIENT 
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FIGURE  321  71-01+P4  TURN-ON  TRANSIENT 
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The  turn-on  transient  run  with  the  input  data  in  Figures  329, 

330  and  331  also  shows  that  even  at  this  lower  system  pressure  the  HYTRAN 
program  is  still  able  to  accurately  predict  the  system  transients.  The 
results  are  shown  in  Figures  332,  333,  334  and  335.  In  Figure  333  the 
measured  flow  does  not  rise  as  quickly  as  the  computed  data.  This  discrepancy 
exists  because  tiie  hot  film  anemometers  used  in  measuring  the  flow  records 
local  velocity  changes  in  the  line's  velocity  profile,  where  as  the  computer 
program  calculates  average  line  velocities. 

A computer  simulation  at  3750  psig  and  at  211 °F  and  100  CIS  was  tried. 

The  input  data  is  shown  in  Figures  336,  337  and  338.  The  results  in  339, 

340,  and  341  again  show  good  correlation  to  the  actual  data. 

Likewise  for  a turn-on  simulation  the  predicted  data  in  Figures  342, 

343,  344  and  345  give  good  correlation.  The  input  data  is  in  Figures  346, 

347  and  348. 

b.  Conclusions  - The  HYTRAN  calculations  of  flows  and  pressures 
compare  reasonably  well  with  the  test  data  measured  in  the  Lab. 

The  verification  results  indicate  that  the  mathematical  theory  used 
in  the  HYTRAN  program  is  applicable  to  systems  with  pressure  ranges 
from  1500  to  3750  PSIG. 
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FIGURE  3A1  71-25-P3  TURN-OFF  TRANSIENT 
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II.  HYTRAN  PROGRAM  VERIFICATION  FOR  AIR  EFFECTS  AND  RESERVOIR  MODEL 

In  this  .section  the  test  results  on  return  line  transients  are 
presented.  The  effects  of  different  system  air  content  levels  were 
monitored  at  various  valve  closure  rates  and  system  operating  temperatures. 

The  testing  was  performed  on  a 1/2"  line  system  with  MIL-H-83282  hydraulic 
fluid . 

The  air  ef fects/reoervoir  testing  is  a continuation  of  the  investigation 
of  the  cavitation  effects  in  return  line  systems.  The  computer  simulation 
of  the  turn-on  and  turn-off  transients  using  the  HYTRAN  line  cavitation  model 
gave  reasonable  correlation  to  the  test  data. 

The  air  effects/reservoir  testing  was  run  ou  the  system  configuration 
shown  in  Figure  349. 

The  following  parameters  were  recorded  for  the  test  runs:  PI,  P2, 

P3,  Q3,  P4 , Q4,  P5,  P6,  and  XCV-the  valve  position.  The  P4  pressure  transducer 
is  located  3.5  Inches  upstream  of  the  F-4  PC  reservoir  and  the  P5  transducer 
measures  the  pressure  inside.  The  difference  between  P4  and  P5  represent 
the  entry  and  exit  losses  from  the  one  inch  line  to  the  large  volume  of 
the  reservoir. 
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FIGURE  349.  AIR  EFFECTS  TEST  SETUP 


The  test  runs  are  listed  in  Table  16.  All  the  runs  were  made  at 
57  CIS  and  the  reservoir  pressure  was  kept  close  to  65  psig.  The  control 
valve  operating  times  were  varied  from  2 to  16  milliseconds.  Nitrogen 
gas  was  introduced  while  the  .system  was  running  through  a quick  disconnect 
fitting  downstream  of  the  pump  outlet.  After  the  nitrogen  was  dissolved 
into  the  systems  fluid  the  air  content  was  measured  with  a mercury  filled 
aire-ometer.  Transient  tests  were  run  at  0.4,  12,  25,  30,  38  and  48  percent 
dissolved  air  by  volume. 

a.  Cavitation  Effects  Testing  at  Different  Air  Contents  - The  first 
test  series  was  run  at  0.4%  system  air  content.  Run  numbers  70-01-XX 
and  70-Al-XX  were  turn-off  transients  with  valve  closure  rates  of  4 and 
16  milliseconds  respectively.  The  plotted  data  is  found  in  Figures 
350,  351,  352,  353,  354,  355  and  356.  All  the  pressures  are  plotted 
as  gage  pressures. 

In  Figure  350  valve  closure  time  was  4 milliseconds.  The  initial 
transient  spike  at  .33  seconds  goes  to  1000  psig.  With  the  slower  valve 
closing  time.  Figure  356  shows  that  940  psig  is  the  maximum  pressure. 
The  frequency  of  the  decaying  pressure  is  the  same  in  both  plots. 
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Figure  352  shows  the  flow  deceleraring  rapidly  after  valve  closure 
to  zero  flow  at  .24  seconds.  The  flow  reverses  and  accelerates  until 
the  cavity  collapses  causing  the  pressure  wave  at  .34  seconds.  The 
pressure  rises  to  950  psig  and  the  flow  drops  to  almost  zero.  The  flow 
eventually  stops  and  the  line  pressure  settles  at  about  62  psig,  the 
reservoir  pressure. 

The  P4  transducer  was  located  3.5  inches  from  the  entrance  to  the 


reservoir.  In 

1 Figure  353 

the  pressure 

spikes  reach  460  psig. 

The  flow 

trace 

: in  Figure  354  shows 

exactly 

when 

these  pressure 

spikes 

occurred . 

This 

can  also 

be  seen  in 

the  internal  reservoir  pressure  in  Figure  355. 

TABLE  16.  AIR  EFFECTS/RESERVOIR  TESTING 
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70-01-XX 

57 

64.5 

4 
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A turn-on  transient  run  was  made  at  0.4%  air  content.  The  results 
are  shown  In  Figures  357,  358,  359,  360,  361  and  362. 

Turn-cn  and  turn-off  transients  were  next  run  with  12%  air  content 
ii.  the  test  fixture.  Results  from  this  testing  is  found  in  Figures 
363,  364,  365,  366,  367  and  368.  Figures  363  and  368  show  the  effects 
of  different  valve  closure  rates  on  the  peak  pressure  spike  in  the  return 
line  system.  The  peak  pressure  for  the  4 millisecond  valve  closure  in 
Figure  363  was  900  psig  at  .34  seconds.  The  corresponding  peak  pressure 
in  Figure  368  with  a 16  millisecond  valve  closing  time  was  850  psig. 

Again  the  pressure  decaying  frequency  was  the  same  for  the  two  traces. 

The  12%  air  content  turn-off  transient  runs  indicate  a more  damped 
pressure  and  flow  decay.  In  Figure  363  there  are  a total  of  10  pressure 
peaks,  while  Figure  350  has  13.  The  Initial  pressure  peaks  reach  900 
psig,  but  the  second  peak  in  Figure  363  is  about  100  psig  below  the 
same  spike  in  Figure  350.  The  flow  in  Figure  365  settles  to  zero  a 
little  faster  than  shown  in  Figure  352.  The  turn-on  transient  data  for 
the  12%  air  content  runs  are  not  noticeably  different  than  the  ones 
at  .4%  air  content. 
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Run  numbers  70-11-  and  70-11+  were  made  with  25%  air  content 
dissolved  in  the  test  system.  The  higher  air  content  runs  are 
significantly  different  from  the  0.4%  and  12%  runs.  In  Figure 
369  tuxn-off  transient  the  air  coming  out  of  solution  has  a 
significant  damping  effect  on  the  retui’n  transient  pressure  spikes. 

The  turn-on  transient  run  in  Figure  370  also  exhibits  a more 
damped  response  than  Figure  357 , 


FIGURE  357.  CAVITATION  EFFECTS 

70-01+P2  TURN-ON  TRANSIENT 
57  CIS  130“F 
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FIGURE  362.  CAVITATION  EFFECTS 

70-01+P5  TURN-ON  TRANSIENT 
57  CIS  130°F 
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FIGURE  363.  CAVITATION  EFFECTS 

70-05-P2  TURN-OFF  TRANSIEM 
57  CIS  130'’F 
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FIGURE  370.  CAVITATION  EFFECTS 

70-11+P2  TURN-ON  TRANSIENT 
57  CIS  130“F 
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The  main  damping  effect  seen  in  the  higher  air  content  runs  comes 
from  air  that  has  left  solution  due  to  the  exposure  of  the  oil  to 
vapor  pressure,  since  dissolved  air  does  not  alter  the  volume  or  com- 
pressibility of  the  oil.  The  addition  of  an  air/volume  accumulator 
slows  and  dampens  Che  rate  of  change  of  pressure  in  the  line.  The 
more  free  air  in  the  line  the  greater  the  effect. 

Run  numbers  70-1 3+XX,  70-15+XX  and  70-17+XX  are  turn-on  and 
turn-off  transients  at  30,  38  and  48  percent  dissolved  air  contents. 

Each  run  shows  how  the  higher  air  content  level  reduces  the  material 
frequency  of  the  decaying  pressure  and  flow  waves.  Figure  371  has  7 1/2 
pressures  peaks.  Figure  372  his  7 and  Figure  373  has  b . 
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FICURE  373.  CAVITATION  EFFECTS 

70-17~P2  TURN-OFF  TRANSIENT 
57  CIS  130°F 


h.  Ccnc Ills  Ions  - Return  system  transients  were  generated  In  the  lab  by 
rapid  opening  and  closing  of  a control  valve.  Air  was  added  to  the 
system  and  allowed  to  dissolve  into  the  hydraulic  fluid.  As  the  system 
air  content  levels  Increased  from  0.4X  to  48X  by  volume,  the  transient 


tests  showed  a significant  decrease  In  the  oscillating  frequency  of  the 
pressure  and  flow  waves  following  cavitation.  This  phenomena 
results  from  free  air  collecting  In  the  return  system  downstream  of 
the  valve.  The  air  came  out  of  solution  after  the  pressure  drops  to 
near  zero  which  occurred  when  the  control  valve  was  either  opened 
or  closed.  At  higher  dissolved  air  contents  more  air  would  leave 
the  fluid  given  the  same  valve  operating  rate  and  system  temperature 
and  reservoir  pressure.  This  free  air  would  slow  the  rise  and  decay  of  the 
pressure  and  flow  waves  by  providing  an  additional  alr/spring  for  these 
waves  to  travel  through. 

The  testing  indicates  that  at  higher  air  contents  the  severity  of 
return  line  pressure  transients  are  reduced. 

Unfortunately  this  was  about  the  only  benefit  of  dissolved  air. 

From  a total  system  viewpoint,  large  amounts  of  air  may  cause  serious 
problems  relating  to  system  start-up  and  nomal  c- -’ration.  Start-up 
problems  include  lack  of  pump  prime  (airlock/ , system,  damage  due  to 
transient  air  ingestion  by  the  pump  and  excessive  drop  in  reservoir 
level . 

Currently  the  effects  of  air  in  hydraulic  systems  is  not  modeled 
in  the  HYTRAN  computer  program.  Dissolved  air  does  not  alter  the  physical 
properties  of  the  hydraulic,  fluid,  but  free  air  in  the  form  of  large  or 
small  bubbles  in  the  fluid  flow  would  drastically  affect  the  component 
and  line  models.  Predicting  the  occurrence  of  these  air  bubbles, 
their  size  and  interactions  with  the  fluid  and  components  would  be  a prod- 
igious task  far  beyond  the  scope  of  the  present  contract.  The  testing 
has  provided  basic  data  on  how  dissolved  air  affects  hydraulic  return 
system  performance. 

Since  the  .(i%  and  12%  air  content  tests  showed  little  change,  and 
the  existing  HYTRAN  cavitation  model  gives  a reaonable  cavitation 
simulation,  as  shown  in  Section  V Paragraph  2 it  is  considered  that 
the  current  model  is  adequate  for  most  program  needs. 


12.  VALVE  CONTROLLED  ACTUATOR  MODEL  VERIFICATION 

The  test  results  obtained  on  a modified  F-15  stabilator  servoactuator 
are  compared  to  the  HYTRAN  valve  controlled  actuator  model  - subroutine  ACTIOI. 

The  testing  with  the  servoactuator  was  performed  on  a 1/2  inch  line  system  with 
MIL-H-83282  hydraulic  fluid. 

The  ACTIOI  subroutine  models  a simple  servoactuator  with  a mechanical 
unit  connected  to  the  servovalve,  which  operates  open  loop  without  feedback. 

The  valve  is  assumed  to  have  a linear  square  port  configuration  with  zero  overlap. 
The  width  of  each  port  was  input  independently  to  allow  the  valve  areas  to  be 
matched  to  the  actuator  piston  areas.  The  measured  time  history  of  the  valve 
position  was  used  as  the  mechanical  input  to  the  computer  program.  The 
stabilator  configuration  and  input  data  is  shown  in  Figure  374, 

The  F-15  stabilator  test  series  was  run  on  the  system  configuration 
shown  in  Figure  375.  The  following  parameters  were  recorded  in  the  laboratory 
for  the  test  runs:  PI,  P2,  P3,  P4  and  P5  cylinder  no.  1 pressure,  P6  - cylinder 
no.  2 pressure,  Xv  - valve  position  and  x - main  ram  position.  The  test  runs 
are  listed  in  Table  17. 


TABLE  17 


F-15  STABILATOR  TEST  SERIES 


Test  Conditions 

Initial  Control  Valve 

Run  Number 

Position 

(IN) 

Extend* 

0.0 

67-01 

Retract* 

0.0 

67-02 

Ex tend-Re tract* 

-3.93 

67-03 

Retract-Extend* 

i3.93 

67-04 

Bottoming  (Extend)* 

0.0 

67-05 

Bottoming  (Retract)* 

0.0 

67-06 

Extend  (.25  VDC  step  input) 

0.0 

67-07 

Retract  (.25  VUC  step  input) 

0.0 

67-08 

Extend  (.5  VDC  step  input) 

0.0 

67-09 

Retract  (.5  VDC  step  input) 

0.0 

67-10 

Extend  (1,0  VDC  step  input) 

0.0 

67-11 

Retract  (1.0  VDC  step  input) 

0.0 

67-12 
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External 

Load 


No.  1 Area  

No.  2 Area  

No.  1 Volume  

No.  2 Volume  

Stroke  with  Actuator  Fully  Retracted  

Stroke  with  Actuator  Fully  Extended  

Velocity  Damping  

Load  Mass  

Slot  Width  Vol  in  to  Con  HI  

Slot  Width  Vol  HI  to  Con  H2  

Slot  Width  Vol  H2  to  Covi  Hi 

Slot  Width  Vol  H2  to  Con  H2  

Compressive  Load  with  Actuator  Retracted 
Compressive  Load  with  Actuator  Extended 
Initial  Actuator  Position  


6.8A8  IN**2 
6.848  IN**2 
28.00  IN**3 
28.00  IN**3 
3.93  IN 
3.93  IN 
.5  LB-SEC/IN 
- .0259  LB-SEc2/IN 
0.3832  IN 
0.3832  IN 
0.3832  IN 
0.3832  IN 
0.0  LBS 
0.0  LBS 
DEPENDENT  ON 
TEST  THAT  WAS 
RUN 


FIGURE  374.  F-15  STABTLATOR  INPUT  DATA 


284 


TROM  PUMP 


FIGURE  375.  F-15  STABILATOR  ACTUATOR  TEST  CONFIGURATION 

The  actuator  subroutine  was  modified  to  accept  the  valve  position 
commands  at  each  calculation  time  step.  Normally  the  command  data  is 
inserted  for  a few  points  and  a linear  interpolation  is  made  to  determine 
the  valve  position  at  any  time  step. 

To  closelj'  approximate  the  operation  of  the  actuator  it  was  necessary 
to  add  a couloumb  friction  force  in  the  computation  of  the  main  ram  velocity. 
There  was  no  load  on  the  actuator  but  the  weight  of  the  main  ram  was  input 
with  the  data  shown  in  Figure  374. 

a.  Computer  Simulation  with  the  F-15  Stabilator  Test  Data  - The 
computer  simulation  used  the  input  data  shown  in  Figure  376  along 
with  the  input  boundary  data  in  Figures  377,  378,  and  the  control 
valve  position  in  Figure  379.  The  control  valve  was  moved  from  the 
null  position  to  an  extend  direction  at  the  maximum  valve  rate. 

The  results  of  the  simulation  are  shown  in  Figures  380,  381,  382, 
and  383.  Figure  380  contains  the  pressure  immediately  upstream 
of  the  stabilator  actuator.  The  computed  data  at  50  milliseconds 
is  about  400  psl  below  the  actual  results.  The  data  measured  down- 
stream of  the  actuator  rn  Figure  381  cavitates  while  the  computed  data 
only  drops  to  the  return  pressure  of  250  psl. 
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^LUIO  DATA 

ROR 

NU-H-At2a2 

AT  1000.0  RSIC# 

• 90.0  RSIG 

HMD  XOO.O 

OES  f IK  10. 

0 DEC  f STEPS 

VZSCOSITT 

- .ISTE-Ol 

.i*»C-CXIN»»2/$EC 



DENSITy 

- .aOlE-OA 

• 79ZE-0A(La-SICA*2WXNAAA 

aULK  MODULUS  - •24AE«06 

•209E«06r$I 

VAROUO  RRESS.-  •200E*OL 

AT  100.0  DEG  f 

m SSI* 

LCNCTH 

Internal 

dia 

Thickness 

nnouLUS  of 

ELASTICITY 

DELk 

CHARAC7|RtSTie  VELOCtTV  OF 
IMPEDANCE  SbUND 

, 1 

3fta.6C00 

.AAAO 

• 0260 

•300E*0e 

10.9A?1 

26.aA76 

919I2.A297 

z 

362.0000 

• AnAO 

• 0260 

•300E*0e 

10.6A71 

26.aAT8 

91912. A297 

, canpf*  . 

_l  IHT£G6» 

DATA 

1 91 

0 -1  1 

0 0 0 

0 0 

0 0 0 

0 0 0 

COUPf* 

2 INTfcGER 

DATA 

2 06 

0 0 1 

3 0 0 

0 0 

0 0 0 

0 0 0 

CDHff# 

3 INTEGER 

DATA 

S 101 

2 1-2 

0 0 0 

0 0 

0 0 0 

0 0 0 

ItCAL  DATA 

CARO  0 1 

6aAaE«oi 

66A8E«01  .2700f«02  •2700E402 

-•9930E«01  .SOaOE^Ol 

•1000E«00  .XSOOE 

AEAL  DATA 

CARO  f 2 

6000E*00 

6000E40C  •6000E«00  «6000E«Od 

0. 

0. 

-.2900E*01  0. 

COHPi# 

A INTEGER 

DATA 

A 91 

0 2 1 

0 0 0 

0 0 

0 0 0 

0 0 0 

FIGURE  376.  RUN  67-11  HYTRAN  INPUT  DATA  FOR  ACTUATOR  EXTENDING 
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FIGURE  hh . F-15  STABILATOR  ACTUATOR  67-lJ  ~Pl  STEP  INPUT  EXTEND  100'’F 
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FIGURE  380.  67-11-P2  ACTUATOR  EXTENDING 


FIGURE  381.  67-1 1-P3  ACTUATOR  EXTENDING 


1»7)«000A  ♦ 

I 

I 


.4. 4. 


c I c 


c ccccccc^^ccctccc 


y 


l^TS.OOOO  « 
I 
I 
I 
I 


PPP  COMPUTED  PRESSURE 
— — DATARUNNO.  Ul^n-rS 


1375.0000  « 

I 

I 


1275.0000  « 

r 


CCCCCCCCCCCfCjl 

I wi  A > 


1175.0000  * 

o.ooc 


•ooc  .o^o  .oeo  .120  .160 

NUHBfft  5 Of  COHPONtNf  KuH^fR  i VS.  Tint  (Stc.).  THE  VARIABLE  IS  — 
♦ f-15  STARUATQR  ACTl'ATQA  - EXTENDING  ♦•««(STAn261  t *«dm  *» 


FIGURE  382.  67-11-P5  ACTUATOR  EXTENDING 
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FIGURE  383.  67-11-P6  ACTUATOR  EXTENDING 
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The  computed  cylinder  pressures  in  Figures  332  and  383  do  not 
show  the  15  msec  delay  after  the  Initial  transient  at  26  msec. 

Figure  384  Is  a plot  of  the  valve  reaction  forces  on  the  main  control 
spool  versus  time.  When  the  actuator  Is  moved  In  the  extend  direction 
the  initial  transient  valve  reaction  force  is  in  the  direction  which 
tends  to  close  the  valve,  however,  the  next  transient  reaction  force 
is  in  the  direction  which  tends  to  increase  the  valve  opening.  There 
is  a net  change  of  3 lbs  of  force  during  this  transient.  The  reason 
for  the  destabilizing  effect  is  not  thoroughly  understood  on  the  F-15 
stabllator  actuator.  Perhaps  the  damper  at  the  end  of  the  valve  is 
affecting  the  actual  dynamics  in  this  adverse  manner.  No  attempt 
has  been  made  to  model  the  destabilizing  effect  in  the  program. 
Consequently  the  initial  transient  response  in  Figures  382  and  383 
do  not  match  the  measured  data.  The  remainder  of  the  transient 
response  is  predicted  adequately  by  the  HYTRAN  program. 


FIGURE  384.  F-15  STABILATOR  ACTUATOR  67-11-FF  STEP  INPUT  EXTEND  100°F 


b.  Conclusions  - The  valve  controlled  actuator  tested  in  the  lab 


exhibited  some  destabilizing  valve  reaction  forces.  These  may  have 
accounted  for  the  poor  correlation  with  the  initial  transient.  The 
addition  of  the  stiction  forces  help  with  predicting  the  magnitude  of 
the  first  transient  spike,  but  it  could  not  model  the  subsequent 
15  msec  delay  before  the  rise  of  the  cylinder  pressures.  The  inclusion 
of  a dynamic  friction  term  assured  that  the  cylinder  pressures  were 
of  the  proper  magnitude. 

The  simple  servoactuator  model  used  in  the  HYTMN  program  gives 
reasonable  correlation  with  the  lab  test  data  and  is  considered  a 
good  subroutine  for  most  applications. 

13.  SUBSYSTEM  MODEL  VERIFICATION 

Transient  testing  was  done  on  the  F-15  Iron  Bird  utility  speedbrake 
system.  Figure  385  contains  a schematic  diagram  of  the  test  configuration  and 
Instrumentation.  The  tests  that  were  run  are  listed  in  Table  18.  Most  of  the 
verification  work  to  this  point  has  been  accomplished  for  individual  component 
models.  The  speedbrake  tests  represents  the  first  HYTRAN  computer  verification 
for  an  entire  subsystem.  The  models  used  in  the  simulation  were  a four  way 
valve  (subroutine  VALV22),  a utility  actuator  (subroutine  ACT120) , three 
orifice  restrictors  (subroutine  REST41)  and  the  branch  and  line  component 
models . 


TABLE  18 
F-15  IRON  BIRD 


TRANSIENT  TESTS  ON  SPEEDBRAKE  SUBSYSTEM 


RUN  NO. 

TEST  CONDITION 

VALVE  POSITION 

TEMP  UTILITY 
PUMP  INLET  (®F) 

80-04 

Hold  - Extend 

183 

80-05 

Hold  - Ret 

184 

80-06 

Ret-Ext-Ret 

185 

80A04 

Hold-Ext 

190 

80B05 

Hold-Ret 

187 

80A06 

Ret-Ext-Ret 

193 

80-07 

Ext-Ret-Ext 

197 

80-08 

Ret  Ext 

190 

80-09 

Ext  Ret 

190 

80-10 

Ret  to  Ext 

Actuator  Bottomed  Ext 

187 

80-11 

Hold  to  Ret 

Actuator  Bottomed  Ret 

190 
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FIGURE  385.  F-15  IRON  BIRD  SPEEDBRAKE  SYSTEM  CONFIGURATION 


a.  Computer  Simulation  With  Test  Data  - A computer  run  extending  the 
actuator  was  made  with  the  system  configuration  data  in  Figure  386  and 
the  pressure  boundary  conditions  in  Figures  387  and  388.  The  results 
of  the  simulation  are  shown  in  Figures  389,  390,  391,  and  392  overplotted 
with  the  test  data.  The  computed  pressure  correlates  well  with  the 
measured  values.  The  computer  peak  pressure  in  Figure  392  is  100  psi 
higher  than  the  measured  data.  This  occurs  because  the  4 way  - 3 position 
control  valve  opened  the  actuator  to  return  before  the  pressure  side  was 
opened.  The  peak  pressure  value  could  be  lovrered  by  adjusting  the 
valve  opening  position  in  the  data  shown  in  Figure  386. 

A change  in  the  max  opening  position  of  the  valve  will  alter  the 
rate  of  decay  characteristics  of  the  transient  which  would  change  the 
computed  points  in  Figures  390  and  391. 
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THE  TRAMSIENT  RESEOMSE  IS  EXOM  r«0«0  TO  T*  .200  SECONDS  AT  TIME  INTERVALS  OF  DlLT*  *00020 
VITH  OUTEUT  JOINTS  OLOTTEO  AT  INTERVALS  OF  * .00200  SECONDS 


fluid  DATA  FOR 


MIL-H-5606  AT 
VISCOSITY 
DENSITY 
nULK  MODULUS 

VAFOUR  RRESS 


3000.0  FSIG»  - 

- .02TE-02 

- *7051-04 

- .102E*OA 

•-  tZOOE^OI  AT 


90.0  F5IG  AND  193.0  DEO  F IN 
.760E-02INAA2/SEC 
.796E-D4(Lft-SEC**2)/IN*«4 
•146E*06FS1 
193.0  0E6  F 


10*0  DEO  F STEFS 


ItME  DATA 

LIME  NO. 

LENGTH 

jNTERNAL 

TMi^KNESS  Cl*sVl?ITr 

DELX 

CHARACTERISTIC  VELOCITY  OF 
IMREOANCE  sound 

1 

194.9000 

.6720 

*0390 

•190E408 

a. 8409 

9. 7473 

43460*3269 

1 

71.9000 

• 9610 

.0320 

•190E408 

8.9375 

13.9672 

43421.9314 

3 

22.0000 

,4480 

.0260 

•190E408 

11.0000 

21.9314 

43480*3269 

4 

60*0000 

• 4480 

• 0260 

•150E«08 

lO.COOO 

21*9314 

43480*3269 

9 

79.0000 

• 4480 

• 0260 

.190E408 

a. 7778 

21.9314 

43460.3289 

A 

IS. 0000 

,4480 

• 0260 

.190E40B 

9.0000 

21.9314 

43480.3289 

T 

91*0000 

• 4440 

.0280 

.lOOE^OS 

3.9000 

21.6D49 

42070*6420 

a 

21.000C 

*4440 

• 0280 

•looE+oa 

10.9000 

21*6049 

42070*6420 

9 

192.0000 

• 6800 

• 0390 

•iooeror 

8.3478 

9. 0092 

41190*2428 

CONFI. 

1 INTEGER 

DATA  1 

91  0 -1 

10  0 0 

0 0 

0 

0 0 

0 

0 0 

CONFI, 

2 INTEGER 

DATA  2 

11  0 1 

-2  0 0 0 

0 0 

0 

0 0 

0 

0 0 

CONFIf 

} INTEGER 

DATA  3 

22  4 2 

-3-7  6 0 

0 0 

0 

0 0 

0 

4 0 

REAL  DATA 

CARO  i 1 

.2500E-02 

.1290EA00 

.6200E-01  .3200f*02 

-.2900E 

-02 

-.1290E400 

* 

6300E-01  •9200E402 

REAL  DATA 

CARO  • 2 

.2900E-02 

.6200E-01 

.6200E-01  .3200E»02 

-.2900E 

-02 

-.129OEA0O 

* 

6300E-ei  .3200ER02 

REAL  OATA 

CARO  A 3 

0. 

.2300E-01 

•7300E-01  •200CE»00 

0* 

0. 

0* 

0* 

REAL  data 

CARO  • 4 

0* 

0, 

•1863E*00  .lablEAOO 

0. 

0. 

0* 

0* 

COMF1. 

4 INTEGER 

DATA  4 

41  1 3 

-4  0 0 0 

0 0 

0 

0 0 

0 

0 0 

REAL  OATA 

CARD  < 1 

•4637E«00 

•6900E400  0 

• 0. 

0* 

0. 

0* 

0* 

cnhFt. 

9 INTEGER 

DATA  9 102  2 4 

-9  0 0 0 

0 0 

0 

0 0 

0 

0 0 

REAL  DATA 

CARO  0 1 

.fl?30E*01 

.7040E*Ol 

.n90E*01  .2416E  + C9 

.tOOOE^OO 

.3412E*02 

* 

IOOOEaOO  .39808-01 

REAL  OATA 

CARO  • 2 

0. 

0* 

•lOOOE-01  0. 

0* 

0* 

0. 

0* 

COMFR* 

6 INTEGER 

OATA  6 

41  1 -6 

9 0 0 0 

0 0 

0 

0 0 

0 

0 0 

REAL  DATA 

CARO  f 1 

•4637E400 

•6900E400  0 

* 0* 

0* 

0. 

0* 

Oc 

COMFI. 

7 INTEGER 

OATA  7 

41  1 7 

-a  0 0 0 

0 0 

0 

0 0 

0 

0 0 

REAL  OATA 

CARO  • 1 

•3310E«C0 

•6990E400  0 

* 0* 

0. 

Q. 

0. 

0. 

COMFi. 

a INTEGER 

OATA  8 

11  0 8 

-9  0 0 0 

0 0 

0 

0 0 

0 

0 0 

COM. I,  « iNrccEi  o/kr«  « 

CEU  time  in  JECONOS  • 6.621 

91  0 9 

10  0 0 

0 0 

0 

0 0 

0 

0 0 

LEO  NO 


a 

NO 


NUMOER  OF  NODES  • 0 


STEADY  STATE  INFUT  SATA 

munrer  of  legs  • a number  of  constant  fressure  nodes  • 


UFST^NOOE 


NO 


NO  OF  ELEMENTS 
4 
1 


a 

4 

elements  in  ICC— -- 
I — U 0 — 1* 

3 — If 
3 — 2f 
3 — 

3 — 


LEG  connection  INFUT  DATA 
DVST  NODE  NO 

! 

i 1 

2 — 1.  0 — 2f 


I 0 — 3*  4 — 1.  0 — 4.  9 — U 

1 1 f:  8 n i;  2 ::  t; 


FlOV  GUESS 

10.00000 

10.00000 

10.00000 
10. QOOOO 
10.00000 
10.00000 
10.00000 
10.00000 


0 — 9»  9 — 1* 


UFST  FtESS 
0.00000 
0.00000 


DWST  FRESS 

lilim 


l•■I(;l!RK  386. 


RUN  80A04  HYTRAN  INPUT  DATA  FOR  SPEEDBRAKE  EXTENDI  NO 


L'9i 


0 


TIME 


7.  F-15  SPEEDBRAKE  SYSTEM  80. 


FIGURE  389.  80A04-P2  SPEEDBRAKE  EXTENDING 


FIGURE  390 


80/.04-P3  SPEEDBRAKE  EXTENDING 


FIGURE  391.  80AU4-P4  SPEEDBKAKE  EXTENDING 


'■IGURE  392.  80A0A-P5  SPEEDBRAKE  EXTENDING 


b.  Conclusions  - Modeling  of  the  apeedbrake  subsystem  with  the  HYTRAN 
program  went  exceedingly  well.  This  computer  run  showed  that  the 
component  models  do  function  properly  In  a system  simulation,  and 
for  this  basic  system  the  HYTRAN  program  was  able  to  calculate  the 
proper  pressures  and  flows. 
lA.  TWO  PUMP  TESTING  AND  SYSTEM  VERIFICATION 

The  test  results  obtained  from  the  two  pump  testing  are  compared  to 
the  HYTRAN  program  computer  simulation.  The  testing  was  done  on  a one 
Inch  line  system  with  MIL-H-83282  hydraulic  fluid.  Test  conditions  were 
established  to  determine  factors  and  pump  modes  affecting  Instability, 
and  to  examine  changes  In  the  pumps  or  system  rhat  would  improve  stability. 

Table  19  contains  a list  of  the  time  domain  tests  that  were  made  on  the  parallel 
pump  setup.  A simplified  system  schematic  of  the  parallel  pump  test  setup 
is  shown  in  Figure  393. 
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FIGURE  393.  FARALLEL  PUFfP  TEST  SETUP 
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TABLE  19.  PARALLEL  PUMP  OPERATION  TEST 


#1  Puap  - 5 pal  chack  valv*  - F-15  Inatrumenced  puap 

12  Punp  ' 22S  pal  check  valve 


Run  No. 

Teat 

Condition 

Drive 

Speed  (RPM) 

1 2 

QCD 

(CPM) 

1 2 

PS 

(pslg) 

PR 

(pslg) 

S.S. 

Flow(GPM) 

Pump 

Temp 

1 

Inlet 

(“F) 

2 

69-01-XX 

Turn-Off 

Tranalent 

40  •*0.5GPM 

3585 

3600 

.60 

1.33 

41.7 

49 

40 

124 

124 

69-01+XX 

Turn-On 
Tranalent 
0.5  -►40GPM 

3590 

3600 

.82 

1.36 

48.1 

48.5 

0.5 

125 

126 

69-02-XX 

Turn-Of  f 
Tranalent 

47  *0.56GPM 

3596 

3573 

.63 

1.34 

40.2 

49 

47 

127 

126 

&9-02-*  at 

Turn-On 
Tranalent 
0.5  -►47GPM 

3596 

3600 

.88 

1.35 

47,2 

48.5 

0.5 

128 

128 

69-03-XX 

Turn-Off 

Transient 

20->0.5GPM 

3596 

3600 

.67 

1.34 

43.3 

51. 

20 

126 

125 

69-03+XX 

Turn-On 

Transient 

0.5-»20GPM 

3591 

3600 

.86 

1.31 

43.5 

48.5 

0.5 

128 

132 

#1  Pump  - 
#2  Pump  - 

5 pal  check  valve 

225  psl  check  valve  - F 

-15  Instrumented  pump 

69-OA-XX 

Turn-Off 

Transient 

40  ■*■0.5  GPM 

3597 

3600 

.63 

.27 

39.1 

49 

40 

126 

134 

69-04+XX 

Turn-On 

Transient 

O.  V 40GPM 

3601 

3600 

1.39 

1.13 

46 

49 

0.5 

126 

129 

69-05-XX 

Turn-Off 

Transient 

47  -*05. GPM 

3605 

3560 

.53 

.5 

38 

50.5 

47 

127 

125 

69-05+XX 

Turn-On 

Transient 

0.5  -►47GPM 

3598 

3600 

1.33 

1.03 

46.7 

49 

0.5 

124 

123 

69-06-XX 

Turn-Of  f 
Transient 

20  -*0.5GPM 

3602 

3600 

.98 

.89 

45.5 

50 

20 

130 

128 

69-06+XX 

Turn-On 

3596 

3600 

1.40 

1.04 

46.8 

50 

0.5 

128 

143 

Tranalent 
0.5  -►20GPM 
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TABLE  19.  (CONT) 


11  Punp  - S pal  check 

12  Pump  - 225  pal  check  - P-15  Inatrwnentad  pump 

Both  punp  conpenaacora  aeC  for  Identical  outlet  preaaure 


69-07-XX 

Turn-Off 

Tr ana lent 

97  -K).5GPM 

3599 

3560 

.55 

.5 

42.3 

51 

47 

126 

124 

69-07+XX 

Turn-On 
Tranalent 
0.5-*-  97GPM 

3598 

3600 

1.36 

1.0 

SO.  6 

49 

0.5 

128 

132 

69-08-XX 

Turn-Off 

Transient 

20  -*0.5GPM 

3598 

3600 

.98 

.68 

46.4 

48.5 

20 

129 

125 

69-08+XX 

Turn-On 
Tranalent 
0.5  -^JOGPM 

3590 

3600 

1.20 

1.00 

0.5 

50.9 

49 

128 

132 

#1  Pump  - 
12  Pump  - 
Pump  1 

5 pal  check 
5 pal  check 
compensations 

valve 
valve  - 
set  for 

F-15  Instrumented  pump 
same  outlet  pressure 

69-09- XX 

Turn-Off 

Tranalent 

47  -*-0.5CPM 

3594 

3573 

.64 

.07 

41.9 

48.5 

47 

127 

126 

69-091'XX 

Turn-On 

Transient 

0.  5 -W^  /GPM 

3595 

3600 

1.35 

.81 

52.5 

50 

0.5 

128 

126 

69-10- XX 

Turn-Off 

Transient 

20  -►0.5CPM 

3592 

3600 

1.05 

.57 

- 

49 

20 

133 

123 

69-l(M-XX 

Turn-On 
Transient 
0.5  •»20GPM 

3594 

3600 

1.36 

.86 

50.1 

49.5 

0.5 

125 

125 

69-11-XX 

Turn-Off 

Transient 

47  ■‘C.5GPM 

3432 

3573 

.60 

.50 

38.2 

50.5 

47 

129 

130 

69-11+XX 

Turn-On 
Tranalent 
0.5  •*47GPM 

3432 

3600 

1.31 

.82 

46.0 

49.5 

0.5 

130 

132 

69A11-XX 

Turn-Off 

Transient 

47  ■►0.5GPM 

3435 

3560 

.77 

.50 

41.4 

49 

47 

126 

127 

69A11+XX 

Turn-On 

Transient 

0.5  ■►47GPM 

3435 

3600 

1.36 

.83 

48.9 

49 

0.5 

130 

131 

69^12-XX 

Turn-Off 

Transient 

20  -■•0.5GPM 

3433 

3537 

1.09 

.60 

50.9 

50 

20 

130 

132 

69-12+XX 

Turn-On 

3435 

3600 

1.31 

.87 

51.2 

49 

0.5 

129 

132 

Transient 
0.5  .►20GPM 


2^19 
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a.  Computer  Simulation  - A computer  simulation  of  the  two-pump  system 
was  made  with  the  HYTRAN  Program.  The  HYTRAN  block  diagram  of  the  test 
system  is  shown  in  Figure  394.  The  complete  test  setup  is  modeled 
except  for  emergency  relief  path  lines  and  components.  The  elements 
which  make  up  the  system  are  split  into  lines  and  components.  The 
lines  are  numbered  sequentially  and  have  upstream  and  downstream 
ends.  The  components  are  also  numbered  in  a separate  sequence.  Node 
numbers  are  assigned  to  the  points  at  which  the  flow  divides  or  combines 
under  steady  state  flow  conditions  and  leg  numbers  are  labeled  between 
two  nodes. 


•'  tv.iui  ityi  fj.i  ■ i|i  *ni 


The  simulation  consisted  of  running  the  HYTRAN  Program  under  the 
same  lab  test  conditions.  Measured  test  data  was  not  used  as  boundary 
conditions  in  the  simulation . This  was  done  to  test  the  basic  accuracy 
of  the  program  without  any  external  forcing  factors.  A turn-on 
transient  was  made  with  the  test  conditions  similar  to  run  number 
69-07+XX. 

The  test  data  for  run  number  69-07+XX  are  presented  in  Figures  395 
through  399  overplotted  with  the  results  from  the  computer  program, 
b.  Conclusions  - The  HYTRAN  simulation  of  the  two  pump  test  system 
indicated  reasonably  good  correlation  with  the  measured  data.  The 
initial  response  predictions  were  adequate  but  the  final  steady  state 
operating  pressures  were  not  correct.  Further  work  with  the  pump  model 
should  correct  this  situation. 


FICURE  395.  69-07+Pl  TURN-ON  TRANSIENT 
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FIGURE  396.  69-07+P2  TURN-ON  TRANSIENT 


AOCO.OOOO 


tooo.oooo  * 

I 


tooo.oooo  * 


IPP  pp 


PPP  COMPUTED  PNEMUAE 
DATARUNNO.  61-07pA$' 


O.OOOOfl  noo  !c*C  * ToEO  * ~p— 


FIGURE  397.  69-07+P5  TURN-ON  TRANSIENT 
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FIGURE  398.  69-07-FP5  TURN-ON  TRANSIENT 


FIGURE  399 


69-07+PC  TURN-ON  TRANSIEN' 
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15.  F-15  COMPENSATED  CHECK  VALVE  TESTING 

Transients  tests  were  performed  on  a compensated  type  check  valve  shown 
in  Figure  400.  The  check  valve  is  designed  to  trap  a quantity  of  fluid 
which  can  be  transferred  back  into  a selector  valve  that  contains  a return 
pressure  sensing  (RPS)  circuit.  During  operation  of  a subsystem  the  return 
oil  decelerating  when  a valve  is  shut  off  causes  momentary  cavitation.  With 
a standard  type  check  valve  this  oil  is  prevented  from  returning  to  the 
cavitated  valve  and  the  RPS  circuit  shuts  off  the  selector  valve  until  sufficient 
pressure  builds  up  on  the  return  side  through  valve  leakage.  The  volume  of 
trapped  oil  (.5  in^)  in  the  compensated  check  valve  can  be  immediately  supplied 
to  the  cavitated  line  preventing  RPS  shut  off.  The  reservoir  back  pressures 
supplies  a sufficient  force  to  transmit  the  trapped  volume  of  oil  to  charge 
the  RPS. 

The  transient  testa  were  made  to  determine  the  dynamic  effects  of  the 
compensated  check  valve  in  a return  circuit.  The  test  runs  made  with  the 
check  valve  are  shown  in  Table  20.  The  test  configuration  was  the  same  as 
shown  in  Figure  233  in  Section  V,  Paragraph  5.  The  compensated  check  valve  was 
located  in  the  same  position  as  the  test  specimen. 

Figures  401  and  402  are  oscilloscope  pictures  of  the  transducer 
data  for  a 38.5  CIS  turn-off  transient.  The  P6  data  shows  a pressure  spike 
occurring  at  0.4  sec  in  the  test  run.  The  P6  transducer  is  located  immediately 
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FIGURE  400,  F-15  COMPENSATED  CHECK  VALVE 


FIGURE  401 
Run  No.  61A07-XX 
Flow  38.5  CIS 
Sample  Interval  - 1 msec 

Data  Points  - 1000 
Temperature  - IZS^F 
P4  & P2  - 500  psi/cm 

P5  “ 1300  psi/cm 
P6  - 500  psi/cm 


FIGURE  402 

Run  No.  61A07-XX 

PI  & P3  - 500  psi/cm 


table  20.  COMPENSATED  CHECK  VALVE  TEST  SERIES 


Run  Number 

Test 

Condition 

Flow  Rate 
(CIS) 

Temperature 

(“F) 

61-07-XX* 

Turn-Off 

38.5 

125 

61-07+XX 

Turn-On 

38.5 

125 

6i-08-XX 

Turn-Off 

11.55 

125 

61-08+XX 

Turn-On 

11.55 

125 

61-09-XX 

Turn-Off 

38.5 

210 

61-094 XX 

Turn-On 

38.5 

210 

61-1 0-XX 

Turn-Off 

11.55 

210 

61-10+XX 

Turn-On 

11.55 

210 

AXX-D^-'notes  measured  parameter 

downstream  of  the  control  valve.  The  pressure  spike  results  from  the  cavity 
collapsing  with  a zero  flow  rate.  The  pressure  spike  is  close  to  the  system 
return  pressure.  The  affect  of  this  compensated  check  with  the  oil  volume 
in  the  line  was  to  dampen  the  turn-off  transient.  The  compensated  check 
valve  did  not  operate  in  the  proper  manner  for  these  tests. 

In  the  F-15  the  compensated  check  valve  is  located  three  to  four  feet 
downstream  of  the  valve.  Within  this  distance  the  check  valve  is  able  to 
provide  enough  oil  to  prevent  the  RPS  from  triggering  the  valve.  However, 
in  the  test  set-up  the  compensated  check  valve  was  located  thirty  feet  from 
the  control  valve.  Therefore  the  check  valve  could  not  perform  adequately. 
Consequently  no  computer  analysis  of  these  test  results  were  made. 

16.  ACCUMULATOR  TRANSIENT  TEST  DATA 

Transient  tests  were  performed  on  the  F-15  Jet  Fuel  Starter  (JFS) 
accumulator.  A simplified  schematic  diagram  of  the  test  accumulator  is 
shown  in  Figure  403.  The  accumulator  is  a self-displacing  type  with  a normal 
operating  pressure  of  3000  pslg.  A thermocouple  temperature  probe  was 
installed  in  the  gas  side  so  as  to  directly  measure  gas  temperature. 
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Operating  Pressure  . , 

Fluid  

Gas 


19.6  in^ 
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MIL-H-5606B 

Nitrogen 


FIGURE  403.  .IFS  Accumulator 
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Testing  consisted  of  precharing  the  gas  side  to  either  1000  to  1720  pslg 
then  charging  or  discharging  the  accumulator  at  various  rates.  Data  from  test 
runs  3,  4,  6,  13  and  14  were  analyzed  to  determine  the  polytropic  specific 
heat  ratio  (n)  of  the  nitrogen  gas.  Test  runs  and  conditions  are  listed  in 
Table  21  • The  initial  stabilized  temperature  of  the  accumulator  was  shop 
ambient  (75  to  85°F)  for  all  test  runs. 

Data  plots  for  run  number  3 are  shown  in  Figures  404  through  407  for 
a 3 second  charge-up  transient.  The  specific  heat  ratio  was  computed  at 
various  time  steps  during  the  charging  transient.  Each  value  of  n was  computed 
using  the  initial  state  conditions  at  zero  time,  and  the  state  condition  at  the 
elapsed  time  from  the  start  of  the  transient.  The  specific  heat  ratio  was 
determined  using  the  pressure-volume  relationship  for  a reversible  polytropic 
process. 
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TABLE  21.  F-15  JFS  ACCUMULATOR  TESTS 


Run 

Number 


Test 

Condition 


Discharge 

Charge 

Discharge 

Charge 

Discharge 

Charge 

Discharge 

Charge 

Discharge 

Charge 

Discharge 

Charge 

Discharge 

Charge 

Discharge 

Charge 

Discharge 

Charge 

Discharge 


Charge  or 
Discharge  Time 
(Sec) 


Gas 

Precharge 


ZOmHmU)Ot3  ZOHU)m-(J 


t- 


5.000 

TIME 

IN  SECONDS 

FICURH  A06. 

ACCUMULATOR  ACC-3P 
PISTON  POSITION 

75°F  CHARGE 

: i 1 

-t-1  - ft- 


• - i'.i 
....  , ^ 

t-  *--1  -T  ■ 


jgSjjj* 

IE 


5.00* 

TIME  IN  SECONDS 

10.00 

FIGURE  407.  ACCUMULATOR  ACC-3T 

GAS  TEMPERATURE 

75°F  CHARGE 

Gas  pressures  (P2)  were  taken  from  Figure  405.  Volumes  were  calculated  from 
cne  change  in  piston  position  from  Figure  406.  A plot  of  n versus  the  time 
from  the  start  of  the  transient  is  shown  in  Figure  408. 

Calculated  values  of  n for  a 1 second  charge  up  are  shown  in  Figure  409 
(Run  13).  The  computed  value  of  n is  slightly  higher  than  the  ideal  gas  value 
of  1.4  for  an  adiabatic  process. 

Run  number  4 was  a 5 second  discharge  transient.  Results  are  shown  in 
Figures  410  through  413.  A plot  of  n vs  time  is  contained  in  Figure  414, 
which  also  shows  the  specific  heat  ratio  computed  from  pressure-temperature 
and  volume-temperature  relationships.  Although  the  temperature  probe 
res[)onse  was  relatively  good  the  T - P and  V - T values  of  n exhibit  a different 
characteristic  than  the  P - V values.  The  curves  intersect  at  a value  of  n = 1.276 
and  a time  of  2.58  seconds.  The  Intersection  indicates  that  the  temperature 
probe  provided  an  accurate  reading  of  gas  average  temperature  at  this  condition. 

The  T - P and  V - T values  are  lower  initially.  This  occurs  because  of  the 
time  lag  needed  for  the  mass  of  the  thermocouple  to  react  to  the  rapid  drop 
in  the  gas  temperature  at  the  probe,  i.e.  indicated  temnerature  is  higher  than 
the  average.  After  2.58  seconds,  the  thermocouple  output  is  still  lagging 
local  gas  temperature,  however,  the  gas  is  now  receiving  significant  heat 
from  the  accumulator  walls.  The  net  effect  is  that  the  probe  temperature  is 
below  the  average  gas  tempoature  after  2.5fi  seconds. 

The  P - V relationship  should  be  used  in  the  computation  of  the  ratio  of 
the  specific  heats  since  the  measurement  of  these  parameters  does  net  entail  a 
significant  response  character5.stic . 

Figure  415  is  a plot  of  the  ratio  of  specific  heats  versus  time  for 
run  number  6,  a 31  second  discharge  transient.  Heat  transfer  from  the 
accumulator  wall  to  the  gas  produces  an  average  process  value  less  than  that 
for  an  isothermal  process  (n  = 1) . 

Figure  416  shows  values  computed  for  a rapid  discharge  (2  seconds).  Average 
specific  heat  ratios  are  well  above  the  adiabatic  ideal  gas  value  of  1.4. 

Discharge  characteristics  of  the  F-15  JFS  accumulator  are  summarized  in 
Figure  417.  Average  specific  heat  ratio  is  plotted  vs  total  discharge  time. 

Average  specific  heat  ratio  is  based  on  end  state  conditions  at  the  start  of 
the  transient  and  at  the  end  when  the  accumulator  is  empty  (bottomed  on  the 
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TIME  FROM  START  OF  CHARGE-UP  (SECONDS) 

FIGURE  409.  F-r5  .IFS  ACCUMULATOR  POLYTROPIC  SPECIFIC  HEAT  RATIO  (n) 
VS.  TIME  FROM  START  OF  CHARGE-UP 
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FIGURE  414.  F-I5  JFS  ACCUMULATOR  POLYTROPIC  SPECIFIC  HEAT  RATIO  (n) 
VS,  TIME  FROM  START  OF  DISCHARGE 
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FIGURE  416.  F-15  JFS  ACCUMULATOR  POLYTROPIC  SPECIFIC  HEAT  RATIO  (n) 

VS.  TIME  FROM  START  OF  DISCHARGE 


TIME  FROM  START  OF  DISCHARGE  (SECONDS) 

F'(;URF.  417.  F-15  .IFS  ACCUMULATOR  POLYTROPIC  SPECIFIC  HEAT  RATIO  (n) 

VS.  TIME  FROM  START  OF  DISCHARGE 

116 


oil  side).  This  plot  provides  good  design  values  for  sizing  accumulators.  A 
family  of  these  curves  exists  for  various  Initial  JFS  accumulator  temperatures. 

Design  values  greater  than  1.6  may  be  required  for  low  initial  temperatures, 
a.  Conclusions  - The  range  of  specific  heat  ratio  during  accumulator 
discharge  (and  charge)  varies  widely  depending  on  the  duration  of  the  transient. 

Discharge  of  the  F-15  JFS  accumulator  from  an  initial  shop  ambient 
temperature  condition  produced  the  following  specific  heat  (n)  values  for 
various  discharge  times. 

Total  Discharge  Range  of  Specific  Heat  Ratio  (GN2) 

Time  (Sec)  During  Discharge 

2.3  1.65  to  1.52 

5.0  1.32  to  1.16 

32.0  1.16  to  .926 

Higher  specific  heat  ratios  would  be  obtained  for  lower  inital 

temperatures  particularly  for  the  longer  discharge  time.  A specific 

heat  ratio  for  sizing  an  accumulator  should  be  chosen  for  the  maximum 

discharge  rate  and  lowest  initial  temperature  expected  in  the  applicable 

system. 

Computer  simulations  which  model  rapid  changes  in  accumulator 
pressure  should  use  a high  specific  heat  ratio,  1.4  to  1.6.  The  present 
HSFR  program  uses  1.4.  The  HYTRAN  program  accumulator  model  currently  uses 
a specific  heat  ratio  of  1.0,  making  no  attempt  to  model  the  wide  range 
of  specific  heat  ratios  possible  for  transient  calculations.  A constant 
specific  heat  ratio  should  be  selected  and  used  in  the  HYTRAN  gas 
accumulator  model  to  suit  the  type  of  application  being  analyzed.  Choosing 
a good  design  value  for  specific  heat  is  a significant  factor  when  sizing 
3000  pslg  accumulators  such  as  those  used  in  hydraulic  start  systems  for 
engine  start  and  auxiliary  power  systems.  It  will  be  even  more  Important 
for  sizing  accumulators  in  high  pressure  (8000  psig)  systems. 
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SECTION  VI 


STEADY  STATE  VERIFICATION  TESTS 


The  essential  components  test  plan  originally  contained  a large  variety 
of  component  types  and  sizes  that  were  typical  in  aircraft  hydraulic  systems. 
Testing  and  model  development  of  these  elements  was  considered  necessary 
before  any  meaningful  pump/system  verification  could  occur.  Steady  state 
tests  were  generally  required  on  each  test  specimen.  At  least  one  specimen 
in  each  basic  component  group  was  tested  to  determine  if  further  steady  state 
tests  were  required.  It  was  determined  that  the  basic  steady  state  data  on 
line,  unions,  fittings,  etc.  were  not  necessary  for  proper  model  verification 
of  the  higher  priority  test  specimens.  Consequently  the  test  plan  was  modi- 
fied to  define  the  minimum  number  of  essential  components  types  and  sizes 
necessary  to  permit  accurate  modelings  of  all  similar  system  essential  com- 
ponents. Steady  state  test  results  for  the  essential  test  conditions  are  pre- 
sented along  with  results  from  the  supplemental  test  plan  series.  The  steady 
state  pump  test  results  are  also  Included. 

1.  ESSENTIAL  COMPONENT  TEST  DATA 

Table  22  contains  a listing  of  the  steady  state  data  taken  for  the  essen- 
tial component  test  series.  Figure  418  is  a graph  of  flow  vs  AP  for  a 30  ft 
1/4"  X .020"  stainless  steel  tube  at  125°F.  At  10  CIS  the  measured  pressure 
drop  is  about  235  psi.  The  Reynolds  number  for  this  condition  may  be  computed 
as 


RE  = 

where 

If  = 

Fluid  viscosity 

(±ri/ 

d = 

Line  I.D.  (in) 

Q = 

Flow  rate  (in  /sec) 

at  125'’F 

RE  = 

10 

(.0198)(.21) 

2400 

Assuming  a 1200  Reynolds  transition  point  the  flow  is  tu’'bulent.  The 

computed  pressure  drop  in  the  line  can  then  be  found  using  the  Darcy-Weisbach 

. 25 

equation  with  a turbulent  friction  factor  (f  = .316/RE'  ) 


Ap 


.241 


.25  , 1.75 

pv  1 Q 

.4.75 


(2) 
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TABMC  22 


ESSEI^TTIAL  C(»!PONENT  STEADY  STATE  TESTS 


Tut 

Sp»el««n 

Temperature 
(Deg  F) 

Figure 
Number (•) 

30  Ft.  l/V  X .020 

304  S.S.  Tub* 

12S,  210 

418,  419 

30  Ft,  1/2"  X .028 

304  S.S.  Tub* 

125,  210 

420,  421 

6 Ft,  1/2"  X .028 

304  S.S.  Straight  Tube 

210 

422 

6 Ft,  1/2"  X .023 

304  S.S.  Tuh* 
with  45*  Bend 

210 

423 

6 Ft,  1/2"  X .028 

304  S.S.  Tube 
with  90*  Bend 

125 

424 

6 Ft. , 1/2"  X .028 

304  S.S.  Tube 
with  Two  90*  Benda 

125 

425 

ANai5-8j 

Union  Drilled  DU7 

To  = .444"  I.D. 

125,  210 

426,  427 

AN821-8J 

90*  Elbow 

210 

428 

7M43-8D 

Nipple 

AN824-8J 

Tee  on  the  Side 

125,  210 

125 

429,  430 

431 

AN824-8J 

Tee  on  the  Run 

125,  210 

.132,  433 

ST7M229T8 

Dynatube  Nipple 

125,  210 

434,  435 

ST7M203T8  Dynatnbe 

90*  Elbow 

125,  210 

436,  437 

F4  PC  Filter 

Houalng  (AC-900-61(>l) 

123 

438 

F4  FC  Filter. with  Eleaent 

125 

439 

Victor  Solenoid  Valve 
8V305-9053 

substituting  Che  appropriate 

125 

conditions  at  125° 

440 

p = .814  E-4 

in 

9 

V = .0193  in"'/sec 

(Viscosity) 

I = 350  in 


3 

Q = 10  in  /sec 

d = .21  in 

AP  = 246  psi 

The  pressure  drop  is  11  psi  higher  than  the  measured  data  giving  an  error 

The  same  sperltnen  at  ?10°F  Is  shown  in 


of  about  5%  In  the  measurement 
Figure  419. 
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Flow  vs.  pressure  drop  for  a 1/2"  dia  x .028  S.S.  30'  tube  is  shown  In 
Figures  420  and  421  respectively.  The  anamoly  between  27  and  33  CIS  results 
from  mechanical  vibration  in  the  line  system.  The  turbine  flowmeter  used  in 
the  test  circuit  was  not  loaded  adequately  to  reject  these  mechanical  signals 
generated  between  27  and  33  CIS.  Projecting  a line  through  the  data  as  shown 
in  Figure  420  and  421  gives  a good  indication  of  the  flow  pressure  drop  char- 
acteristics of  the  line  through  this  flow  region.  At  30  CIS  in  Figure  420 
the  computed  AP  using  equation  (2)  is  48  psi.  This  compares  to  a projected 
measured  value  pi  44  PSI. 

At  5 CIS  And  125 °F  the  Reynolds  number  is 


Re  = 


(.0198)(.444) 


= 567 


Using  the  Darcy-Welsbach  formulation  with  a laminar  flow  friction  factor 
(f  = 64/R^)  results  in  Equation  (3). 

AP  . 128^ 

TTd'^ 

Substituting  the  condition  at  125°  into  equation  (3)  yields 


AP  = 128_(.0198).(.814E-4H360)(5)  ^ 3 

IT  (.444) 

From  Figure  420  at  5 CIS  the  AP  was  measured  to  be  4 psi. 

Figures  422  through  425  contain  test  data  for  a 6 foot  tube  with  various 
number  of  bends. 

The  straight  tube  in  Figure  422  gives  a AP  of  5 psi  at  25  CIS.  At  the 
same  temperature  and  flow  in  Figure  423  the  AP  is  6.2  psi.  The  data  in 
Figures  424  and  425  appear  to  be  in  error  because  at  25  CIS  the  pressure  drop 
is  higher  in  the  tube  with  one  ninety  degree  bend  than  the  tube  with  two 
ninety  degree  bends. 

Figures  426  through  437  contain  steady  state  pressure  drops  versus  flows 
for  various  simple  hydraulic  components. 


321 


25.0 

FLOW  IN  CIS 


50 . 0 


FiCURf-  42 


9 7M4  '5-8D  N I Pi’Ll', 

32-0) 

FI.  DP  12'3'’F 


320 


a5.0 
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The  laminar  and  turbulent  flow  coefficients  for  the  filter  were  deter- 
mined experimentally  from  flow-pressure  drop  data.  The  data  taken  using 
MIL-H-5606B  hydraulic  oil  at  125°  and  an  inlet  pressure  of  3000  PSI  resulted 
in  the  graphs  of  Figures  438  and  439.  Figure  438  contains  the  steady  state 
flow  vs  pressure  drop  data  for  the  F-4  PC  Filter  Housing,  and  Figure  439 
contains  the  data  for  the  same  component  with  a filter  element.  The  coeffi- 
cients were  determined  at  125°F  and  corrected  to  100°F. 

A value  of  12  CIS  was  assumed  to  determine  the  laminar  flow  constant  for 
the  filter  housing  in  Fugure  438.  At  12  CIS  the  AP  is  approximately  6 PSI. 
The  constant  for  laminar  flow  is  determined  from  the  relation 

A P = KQ  (4) 

where  A P =6  PSI 
Q = 12  CIS 

Thus  K in  the  above  equation  is  .5  at  125 °F.  The  HYTRAN  program  speci- 
fies that  K be  determined  at  100°F  and  3000  PSI.  Since  the  test  was  per- 
formed at  125°F,  the  K coefficient  must  be  corrected.  This  may  easily  be 
accomplished  by  a direct  ratio  of  viscosities  and  densities  at  the  appropri- 
ate temperatures  as  given  below: 

(Viscosity)  ^QQ(Density)^j^Q 

^100  (Viscosity)  ^25  *^^^5 


Where  the  subscrips  denote  the  temperature  in  degrees  F. 
Substituting  into  equation  (5) 


(.028—)  (8.2E-5^'^T^r-  ) 

K(larain3r)  = — " — 2 

(.0201-^"-^  ) (8.14E-5^-^---^^-^  ) 
sec  . 4 


K.(laminr) 

100 


The  turbulent  coefficient  was  determined  by  equation  6. 
AP  = K 


where 

Q = 30  CIS 

AP  = 32  PSI  from  Figure  439. 


(6) 


331 


iMlni'iiiiiii'flfTtri  i irr  iir~ 


Thus  K at  125“F  for  turbulent  flow  is  0,025.  Again  using  equation  (5) 
except  that  viscosity  must  now  be  raised  to  the  .25  power,  the  turbulent 
constant  at  100  degrees  is 


(turbulent) 

^100 


(.028)‘^^(8,2E-5) 

(.0201)'^^(8.14E~5) 


where 


(turbulent) 

^100 


0.038 


(7) 


Table  23  is  a listing  of  the  laminar  and  turbulent  flow  constants  for 
the  computer  input  data.  The  losses  were  divided  between  the  inlet  and  out- 
let conditions.  From  Figure  433  the  transition  flow  is  14.28  CIS.  The 

plotted  points  were  determined  by  substituting  Q into  the  turbulent  flow 

2 

equation  AP  .035Q  . This  square  law  relationship  follows  closely  the 
measured  data. 


TABLE  23 

LAMINAR  AND  TURBULENT  FLOW 
COEFFICIENTS  FOR  AC-900-61  OIL  FILTER 
WITHOUT  AN  ELEMENT 

Inlet-Outlet  Inlet-Outlet 


Total 

Losses 

Losses 

Losses 

Temperature 

Laminar 

Turbulent 

Laminar 

Turbulent 

"F 

.5 

.035 

125 

.7 

.038 

.35 

.019 

100 

The  element  constant  was  found  by  subtracting  the  AP  vs.  flow  curve  of 

the  filter  with  an  element  from  theAP  vs  flow  curve  of  the  filter  housing. 

The  resultant  values  were  plotted  and  a line  was  drawn  through  them  on  Figure 

439  below  the  AP  vs.  flow  curve.  Tills  line  is  the  element  pressure  drop  vs. 

flow  curve  and  it  is  approximately  a straight  line.  The  slopes  of  this  line 

gives  the  element  constant,  which  is  0.7272  at  125°F.  Correcting  this  element 

constant  to  a temperature  of  100  degrees  requires  ttie  use  of  equation  (5) 
(Element)  ^ ( . 028)  (8 . 2E-5)  - 7?7?'i 

100  (.0201)(8.14E-5) 

where  (Element)  = 1.02 
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FLOW  - GPM 

I'lGl’Kl-  -'..V)  VICTOR  SOLENOID  VALVE  MODEL 
SV3nS-9()53 

NORMALLY  CT.OSED  - !2S°F 

2.  SUPPLEMENTAL  COMPONENT  TEST  DATA 

Steady  state  data  was  recorded  for  tlie  following  components:  MCAIR 
miniature  check  valve,  F-13  compensated  check  valve,  teflon  hoses  (1/4  and 
3/8  diameters),  one-way  restrictor,  single  orifice  and  stacked  disc  type 
orifices . 

Figures  441  and  442  are  the  steady  state  flow  vs.  pressure  drop  curves 
for  the  MCAIR  miniature  ciieck  valve  and  F-I 5 compensated  check  valve 
respectively . 

A set  up  was  made  to  measure  the  change  in  volume  due  to  pressure  for  a 
hose  and  oil  system.  The  test  configuration  is  shown  in  Figure  443. 
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— 5 ML  STRAIGHT  BURET 
0.01  ML  INCREMENTS 


Fir.URK  44  5 BULK  MODULUS  MEASUREMENT  SETUP 


After  attaching  the  test  specimen  and  removing  all  the  air  from  the  system, 
it  was  pumped  to  about  3500  psi,  A value  was  measured  on  the  buret,  then 
the  pressure  was  lowered  by  opening  the  hand  valve  allowing  the  fluid  to  go 
into  the  buret,  and  another  reading  was  made.  The  temperature  at  each 
pressure  was  allowed  to  stabilize  to  for  both  tests.  The  procedure 

was  repeated  with  a flat  plug  inserted  into  the  union  to  obtain  the  tare 
volumes  plotted  in  Figure  444.  These  values  were  subtracted  from  the  hose 
data  and  the  results  are  tabulated  in  Table  24  for  a 5/8"  and  1/4"  steel 
braided  hose. 

TABLE  24 

MEASURED  VOLUME  CHANGE  (AV)  FOR  5/8"  AND  1/4" 

FLEXIBLE  HOSES 

5/8"  HOSE  P/N  730900-10-0240  1/4"  HOSE  P/N  730900-4-0240 


(PSIG) 

V(CC) 

P (PSIG) 

V(CC) 

54  8 

0.705 

560 

.135 

1000 

1 .085 

1000 

.235 

1 500 

1 . 540 

1500 

. 350 

21  15 

2 .160 

2000 

,460 

2 580 

2.545 

2 500 

. 565 

lOhO 

2.HB5 

3000 

.672 

17  1 ) 

1.  180 

3600 

.775 

) 14 


0.04  - 


i j . -j . . 

! ; j ; i: 


j.uLi-  _r  :,.iJ 

. I 

■f-!  - -H-H-  H?--:-] 


PRESSURE  - PSIG 

FIGURE  444  TARE  DELTA  V FOR  HOSE  BULK  MODULUS 
TEMP  = 75°F 


The  volumes  of  the  5/8"  and  1/4"  hoses  were  90cc  and  10.5cc  respectively. 

An  effective  isothermal  tangent  bulk  modulus  of  the  l.ose/oil  system  can  be 
determined  from  the  data  in  Table  24.  This  was  done  by  drawing  a tangent 
line  to  the  data  curve  at  the  pressure  point  of  interest.  For  the  1/4"  hose 
in  Figure  445  the  tangent  line  was  constructed  at  3000  psig.  The  effective 
bulk  modulus  was  determined  from  the  following  equation: 

‘ Htv  <» 

where  A?  = change  in  pressure  = 3000  psi 
V = volume  of  hose  = 10.5cc 
AV  = change  in  volume  = .54cc 

BULK^  = equivalent  bulk  modulus  of  the  hose  and  fluid  = 58333  psi 
The  effective  bulk  modulus  is  obtained  by  summing  the  reciprocals  of  the  hose 
and  oil  bulk  moduli. 


BULiL 

nos 


Thus  the  bulk  modulus  of  the  hose  is: 

BULK  BULK  . , 

■DTTT  ^ 

^ose  BULK  - BUT.K 
oil  e 


337 


PRESSURE -PSIG 

i-’IGURE  445  1/4"  HOSE  BUEK  MODULUS,  75  = F 


The  value  for  the  isothermal  tangent  bulk  modulus  of  oil  (MIL-H-5606B) 
at  75°F  and  0 psig  is  187551  psi.  This  BULK^^^  was  then  corrected  to  the 
steady  state  operating  pressure. 


BULK  = BULK„  + 12  * PRESS  (11) 

press  0 

where  BULK  = isothermal  tangent  bulk  modulus 

press  ^ 

at  pressure  (3000)  = 223551  psi 

BULKq  = isothermal  tangent  bulk  modulus  at  0 psig  = 187551  psi 
Tlie  factor  12  is  based  on  a bulk  modulus  versus  pressure  plot  and  is  considered 
a good  value  for  pressures  up  to  3000  or  4000  psig. 

Substituting  the  appropriate  values  into  equation  (10),  the  hose  isothermal 
tangent  h.ilk  modulus  at  75°  and  3000  psi  is  78928  psi.  This  value  was  used  as 
the  i/4"  hose  bulk  modulus  in  the  KYTRAN  program. 

The  5/8"  hose  dat.'.  points  from  Table  24  are  plotted  in  Figure  445.  A 


tangent  line  was  drawn  at  the  3000  psi  pressure  point.  From  Equation  18) 
3000  . 


224/90 


= 120536  psi 


substituting  into  equation  (3) 

^ (120536)(223551) 
5/8"  hose  223551-120536 
at  3000  psi  and  75°F. 


261572  psi 


A steady  state  flow  - AP  test  was  made  on  the  1/4"  flexible  hose.  The 


results  are  shown  in  Figure  447. 


ns 


FICIIRK  447  1/4”  HOSE  P/N  7 30900-4-0240,  llb"^ 

WITH  REDUCER  FTTTINCS  - AN919-1()(: 


The  steady  state  pressure  drop  versus  flow  for  both  the  free  flow  and 

restricted  flow  directions  were  measured  for  a Conair  one-way  restrictor. 

The  results  are  plotted  in  Figures  448  and  449. 

Steady  state  pressure  drop  versus  flwo  data  were  taken  for  both  the  Lee 

Jet  and  the  Visco  Jet.  The  results  are  shown  in  Table  25  and  the  normalized 

points  at  100°F  are  plotted  in  Figures  450  and  451.  A square  law  relationship 

2 

is  plotted  in  Figure  450  through  the  points  from  the  formula  AP  = KQ  where 

K was  determined  from  the  data  in  Table  25  at  100"F.  For  the  Visco  Jet  in 

2. 3 

Figure  451  the  equation  was  AP  = KQ  . The  K factor  was  determined  from  the 
data  in  Table  25  at  500  PSI  pressure  and  .256  CIS  flow. 

Ttie  determination  of  the  coefficient  of  discharge  for  the  Lee  Jet  was 
made  using  the  standard  orifice  equation: 


"d  = 


where 


i¥) 


1/2 


(12) 


Cj  = discharge  coefficient 
Q = flow  (CIS) 

2 

A = orifice  area  (in  ) 

AP  = pressure  drop  (psi)  ^ 

Ibs-sec 

p = mass  density 

in 

The  orifice  diameter  was  measured  to  be  .00945"  giving  an  area  of  7.0138 
X 10“^ln^. 

The  flow  Q was  normalized  to  100°F  at  1500  PSI  mean  pressure  through  the 
following  equation: 

^^TirvrD 

(13) 


where 


n = n ,/2 

^100  ^terap 

= Flow  at  100°F  (CIS) 


^100 

*^Tem  ~ flow  St  temperature  (CIS^ 
RHOioq  = Density  at  lOO^F 


RHO..,  = Density  at  Temp 
Temp 


lbs-sec“ 


The  density  was  corrected  to  1500  PSI  niqan  pressure  by  using  the  expression 


•^^Temp  = ^^Ternp  ^ fiTMo> 


(14) 


where  250,000  PSI  is  an  average  sealant  bulk  modulus  at  operating  conditions  for 
M1L-H-5606B  hydraulic  fluid. 

The  average  discharge  coefficient  calculated  from  the  seven  pressure  and 
flow  values  for  tlie  Lee  Jet  was  approximately  0.9.  The  discharge  coefficient 
is  relatively  large  because  the  Lee  Jet  is  not  a true  sharp  edge  orifice. 
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TABLE  2*^ 


LKE  ,IET  AND  VISCO  JET  FLOW-PRESSURE  DROP  DATA 

Lee  Jet  (.009  Dla) 

JETA  1875850D 

FLOW 

(CIS) 


Cd 


AP 

(psl) 

FLOW 

(CIS) 

100° 

MEAN 

F&1500PSI 

PRESSURE 

TEMP 

(°F) 

DISCHARGE 

COEFFICIENT 

500 

.2135 

.2137 

95.0 

.8697 

504 

.216 

.2167 

96,25 

.8792 

1000 

.325 

.325 

97.5 

.9361 

1450 

.3864 

.3866 

98.75 

.9242 

2000 

.4475 

.4475 

100.0 

.9114 

2500 

.480 

.4796 

102.5 

.8738 

3000 

.541 

.5401 

105,0 

.8982 

Lee  Visco  Jet 

(.031 

Die) 

AP 

(psi) 

VDLA  6810880D 

FLOW 

(CIS) 

FLOW  1C0"F  & 1500PSI 

(CIS)  MEAN  PRESSURE 

TEMP 

(°F) 

500 

.255 

.256 

90.0 

1000 

.344 

.345 

90.0 

1500 

.412 

.413 

90.0 

2000 

.471 

.472 

95.0 

2500 


.510 

.554 


.510 

.553 


100.0 

103,0 


14  2 


3000 


.6 


■A  1875850D 


3.  STEADY  STATE  TESTING  WITH  THE  F-15  INSTRUMENTED  PUMP 


The  instrumented  pump  testing  was  accomplished  with  MIL-H-83282  and 
MIL-H-5606B  hydraulic  fluids.  Steady  state  testing  with  both  fluids  yielded 
significantly  different  heat  rejection  and  case  drain  flow  characteristics. 

The  Newtonian  MIL-H-83282  vs.  non-Newtonian  MIL-H-5606B  viscosity  characteristics 
of  the  two  fluids  may  account  for  the  differences  measured. 

The  effect  of  shear  on  Newtonian  and  non-Newtonian  fluids  is  discussed  in 
the  following  excerpt  from  the  book  "Fluid  Power  Control"  edited  by  Blackburn. 


"2.33.  Effect  of  Shear 

pQiT  3 N0wton.3.3ti  f liiid.  ^ tlifi  Viscosity  IS  i.ncispsndsnt  of  tHs  of 

shear,  and  many  liquids  are  almost  perfectly  Newtonian.  Many  others, 
however,  are  not,  and  among  these  are  some  of  our  most  useful  hydraulic 
fluids,  especially  those  which  contain  appreciable  amounts  of  compounds 
of  high  molecular  weight.  These  compounds  may  be  natural  components 
of  the  fluid,  or  they  may  be  additives,  especially  the  viscosity- index 
improvers . 

When  a fluid  of  this  type  is  subjected  to  shear,  the  effective 
viscosity  decreases  with  increasing  rate  of  shear.  This  increase 
appears  to  be  instantaneously  reversible  for  moderate  shear  rates 
and  for  most  fluids.  As  the  shear  rate  increases,  however,  the 
viscosity  change  also  increases,  and  persists  for  a time  after  the 
flow  ceases.  At  extremely  high  rates  of  shear  the  decrease  of  viscosity 
may  be  as  much  as  40  per  cent,  and  part  of  this  decrease  is  permanent. 

One  plausible  explanation  of  these  effects  is  that  these  three  types 
of  viscosity  decrease  are  due  respectively  to  increasing  orientation  of 
elongated  molecules  parallel  to  the  flow  lines,  to  uncoiling  and  orienta- 
tion of  coiled  large  molecules,  and  to  actual  fracturing  of  large  molecules, 
accompanied  by  oxidation  and  other  chemical  reactions.  This  last  explanation 
is  supported  by  the  fact  that  for  some  oils  anti-oxidants  help  to  increase 
the  shear  stability. 

The  rate  of  shear  necessary  to  cause  appreciable  changes  in  viscosity, 
either  transient  or  permanent,  naturally  varies  with  the  liquid.  Temporary 
changes  may  occur  with  many  commercial  hydraulic  fluids  and  with  many  types 
of  machines,  such  as  positive-displacement  pumps  and  motors,  in  piston  or 
high-speed-bearing  clearances.  The  higher  shear  stresses  necessary  to 
cause  permanent  viscosity  changes  are  ordinarily  attained  only  under 
conditions  of  extreme  turbulence,  as  in  throttling  valves  and  orifices 
under  high  pressure  drops.  The  effects  are  greater  for  oils  containing 
high-polymer  thickeners;  this  should  be  kept  in  mind  when  making  detailed 
analyses  of  viscous-flow  phenomena  for  such  oils.  The  effective  viscosities 
may  be  very  different  from  those  measured  at  low  rates  of  shear  in  conventional 
viscometers. 


344 


The  considerable  changes  in  effective  viscosity  produced  by  shear, 
as  well  as  by  changes  in  temperature  and  pressure,  the  variability  in 
the  properties  of  commercial  fluids  as  received  by  the  user,  and  the 
effects  of  aging  and  contamination,  suggest  that  there  is  really  little 
point  in  trying  to  predict  viscosity  (or  other  properties)  with  high 
accuracy.  This  is  true  from  a purely  empirical  standpoint,  but  there  are  two 
arguments  against  this  point  of  view.  Ore  is  that  eventually  we  shall  know 
more  about  all  of  these  effects,  and  this  greater  knowledge  will  permit 
better  control  of  the  performance  or  our  hydraulic  systems. 

The  other  argument  is  that  the  constant  improvement  in  the  fluids 
themselves,  and  still  more  in  the  quality  of  maintenance  of  the  average 
hydraulic  system,  will  greatly  decrease  the  variability  of  the  fluid 
properties.  In  any  given  case  it  is  necessary  for  the  engineer  to  decide 
for  himself  how  much  importance  he  must  attach  to  the  considerations  that 
have  been  outlined  here." 


a.  Comparison  - Heat  Rejection  Characteristics  - The  data  recorded  during 
the  verification  program  is  presented  in  the  following  tables: 

TABLE  26  - POWER  LOSS  COMPARISON 


PUMP  SPEED 
(RPM) 

(OUTLET  FLOW  = 

7.7 

CIS  COMPENSATOR 

SETTING 

- 2940  PSIG) 

% INCREASE 

INLET  TEMP  (°F) 
MIL-H-5606B  MIL-H-83282 

MIL- 

POWER  LOSS  (HP) 

-H-5606B  MIL-H-83282 

3000 

202 

205 

3.50 

4.47 

27.7% 

3500 

202 

205 

3.98 

4.94 

24.1% 

4000 

202 

205 

4.26 

5.50 

29.1% 

4500 

202 

205 

4.79 

6.25 

30.5% 

The  results  in  Table  26  show  a 24.7%  to  30.5%  increase  in  heat 
rejection  for  MIL-H-83282  vs.  MIL-H-5606B  for  the  3000  to  4500  rpm  speed. 
The  heat  rejection  at  4500  rpm  was  approximately  203  BTU/min.  for  5606B  vs. 
265  BTU/min.  for  83282. 

TABLE  27  - POWER  LOSS  AT  ZERO  OUTLET 
FLOW  - MIL-H-83282  POWER  LOSS  (HP) 


PUMP  SPEED  (RPM) 

INLET  = 88°F 

INLET  = 115 °F 

INLET  = 200°F 

1000 

1.34 

1.85 

3.41 

1500 

1.71 

2.09 

3.76 

2000 

2.22 

2,47 

3.81 

2500 

2,74 

2.77 

3.84 

3000 

3.09 

3.28 

3.90 

3500 

3.66 

3.77 

4.44 

4000 

4.38 

4.31 

4.95 

4500 

4.99 

4.99 

5.35 

5000 

5.63 

5.63 

6.34 
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CASE  DRAIN  PRESSURE 
(PSIG) 


Table.  27  presents  the  power  loss  with  MIL-H-83282  at  zero  outlet 
flow  for  three  inlet  temperatures  and  speeds  ranging  from  1000  to  5000  rpm. 

The  heat  rejection  at  the  200“?  inlet  temperature  was  compared  for  the  3000 
to  4500  rpm  speed  range  for  the  zero  outlet  flow  vs.  the  7.7  cis  outlet 
flow  condition.  The  heat  rejection  for  the  7.7  cis  outlet  flow  condition 
ranged  from  10  to  14.4%  higher  than  for  the  identical  zero  outlet  flow 
condition. 

b.  Comparison  - Case  Drain  Flow  Characteristics  - The  case  drain  pressure  vs. 
flow  characteristics  of  the  F-15  pump  with  the  two  fluids  are  significantly 
different.  The  test  setup  provided  for  minimum  case  drain  back  pressure,  no 
more  than  5 psi  at  full  flow.  A manual  valve  was  then  used  to  gradually 
restrict  case  drain  flow.  Figures  452,  453,  454,  and  455  show  two  lines 
resulting  from  first  gradually  closing  the  valve  to  complete  case  drain  flow 
s'nutoff,  then  a gradual  opening  of  the  valve  until  it  was  completely  open. 


FIGURE  452.  F-15  HYDRAULIC  PUMP  RUN  E 7.7  CIS  91“F,  MIL-H-5606B  4000  RPM 
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FIGURE  454, 


CASE  DRAIN  FLOW  (CIS) 

-15  HYDRAULIC  PUMP  RUN  36  3.85  CIS,  MIL-H-5606B,  4000  RPM 
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FIGURE  455.  F-15  HYDRAULIC  PUMP  RUN  17  7.7  CIS  208“?,  MIL-H-83282,  4000  RPM 


There  are  two  significant  differences  in  comparing  the  performance 
characteristics  of  the  two  fluids.  First,  the  unrestricted  case  drain  flow 
was  significantly  reduced  with  the  use  of  MIL-H-83282.  Comparing  Figure 
452  and  Figure  453  test  results  where  the  inlet  temperatures  are  91°F  (5606) 
and  105°F  (83282) , the  MIL-H-33282  flow  was  approximately  65%  of  the  MIL-H-5606B 
fluid  flow  rate.  This  reduced  flow  characteristic  also  persists  at  higher 
inlet  temperatures.  A natural  "fallout"  of  reauced  case  drain  flow  is  reduced 
pressures  at  zero  external  case  drain  flow.  In  Figure  452  the  case  pressure 
developed  when  the  case  drain  line  was  blocked  with  MIL—H— 5606B  is 
approximately  140  psi,  approximately  90  psi  above  reservoir  pressure.  In 
Figure  453  the  pressure  chraacteristic  noted  w'ith  MIL-H-83282  was  approximately 
75  psi,  approximately  25  psi  above  reservoir  pressure.  The  MIL-H-83282  character- 
istics at  208''F  inlet  temp  shown  in  455  shows  increased  unrestricted  flow 
without  a significant  increase  in  pressure  at  external  zero  case  flow. 
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The  second  significant  difference  was  the  pump  response  to  increasing 
case  flow  restriction.  With  MIL-H-83282  fluid  the  increase  in  pressure  with 
decrease  in  flow  was  linear  and  stable.  With  the  MIL-H-5606B  the  characteristic 
curve  was  very  non-linear  and  there  are  indications  of  an  instability.  The 
instability  and  non-linearity  may  be  a function  of  the  increased  pressure 
differentials  in  the  pump  adversely  affected  pump  dynamic  stability.  Since 
the  pressure  increases  with  MIL-H-83282  fluid  at  restricted  flows  are  relatively 
much  lower  it  is  likely  this  unstable  condition  caused  by  pressure  was  not 
reached . 

c.  Conclusions  - The  difference  in  case  drain  flow  vs.  pressure  characteristics 
and  heat  rejection  performance  between  MIL-H-5606B  and  MIL-H-83282  fluids  is 
significant.  The  differences  may  be  due  tc  the  non-Newtonian  vs.  Newtonian 
characteristics  of  the  two  fluids.  Additional  analysis  and  testing  is 
required  to  confirm  the  assumption. 

4.  STEADY  STATE  TWO-PUMP  SYSTEM  VERIFICATION 

The  two-pump  system  simulated  by  HYTRAN  in  Section  V Paragraph  14  was  used 
as  the  basic  system  to  verify  the  SSFAN  Program.  A simplified  diagram  of  the 
parallel  pump  test  setup  is  shown  in  Figure  394.  The  steady  state  test  data 
was  taken  from  run  number  69-07-XX,  a turn-off  transient  at  130'’F.  Both  pump 
compensators  were  set  for  an  identical  outlet  pressure.  The  drive  speed  for 
each  unit  was  approximately  3600  RPM.  The  pumps  were  operating  in  a master- 
slave  relationship,  with  the  number  one  pump  providing  the  flow.  The  steady 
state  flow  rate  was  established  by  a load  restrictor  downstream  of  the  control 
valve.  None  of  the  emergency  relief  lines  for  the  pressure  and  case  drain 
lines  were  modeled  in  the  simulation.  The  F-15  instrumented  pump  was  the 
number  two  or  slave  pump  in  the  test  run. 

a.  Computer  Simulation  of  the  Two-Pump  System  - A schematic  diagram 
of  the  SSFAN  computer  program  representation  of  the  two-pump  system  is 
shown  in  Figure  456.  The  F-15  utility  filter  manifold  is  sim.ulated  by  two 
type  3 check  valves  and  two  special  components  and  one  inline  filter.  The 
special  components  provided  the  flow  pressure  drop  characteristics  for  the 
two  flow  paths  in  the  fiJ.ter  manifold.  The  control  valve  is  a type  36 
two-way- two-position  valve,  as  is  the  thermal  relief  valve  on  the  heat 
exchanger  between  junction  numbers  200  and  205.  For  the  computer  run,  the 
thermal  valve  was  closed.  The  return  filtration  system  modeled  the  actual 
test  setup.  There  were  four  parallel  inline  filters  with  10  micron  elements. 
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SSFAN  does  not  have  a single  line  constant  pressure  reservoir.  Instead  a 
type  92  constant  pressure  reservoir  was  used  with  an  extra  leg  that  contained 
a 500  psi  relief  valve.  Generally  all  the  tube  sizes  and  lengths  represent 
the  actual  hardware.  A type  23  reducer  was  included  in  Che  simulation  in 
the  case  drain  circuit  of  the  number  two  pump.  This  was  done  to  try  to  include 
as  many  of  the  SSFAN  component  models  as  possible  in  the  verification  run. 

(The  location  of  the  pressure  instrumentation  is  shown  in  Figure  456). 

Some  modifications  were  made  to  the  SSFAN  program  in  order  to  simulate 
the  parallel  pump  system. 
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The  SSFAN  pump  model  fixes  the  outlet  pressure  for  each  iteration.  For 
master-slave  operation,  the  master  pump  fixed  the  outlet  flow  while  the  slave 
pump  fixed  the  outlet  pressure  as  boundary  conditions.  The  pump  subroutine 
updaced  the  outlet  flow  and  pressure  as  the  iteration  proceeded. 

Currently  the  pump  model  only  fixes  the  outlet  pressure.  It  is  not 
capable  of  recognizing  a master-slave  relationship  and  adjusting  the 
appropriate  pump  outlet  parameter,  however  if  the  programmer  is  aware  of  this 
condition  the  actual  changes  to  the  pump  subroutines  are  simple  to  make. 

Figures  457  and  458  present  some  of  the  input  data  used  in  the  simulation. 
The  results  of  the  computer  run  are  shown  in  Figures  459,  460,  and  461.  Figure 
459  is  a type  .two  output  that  gives  the  flows  and  pressure  drops  in  all  the 
legs  of  the  two  pump  system.  Some  legs  have  negative  flows,  which  correspond 
to  flow  in  the  opposite  direction  to  the  way  the  leg  was  assembled.  All  the 
junction  pressures  are  listed  in  Figure  460  which  is  a type  three  output.  The 
pump  and  reservoir  data  in  Figure  461  is  a type  four  SSFAN  output.  Actuator 
information  would  have  also  been  included  in  this  output  if  there  had  been  an 
actuator  in  the  system. 
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STEADY  STATE  FLOW  ANALYSIS 


SSFAN  parallel  pump  TEST  FOR  2 F-I5  HYDRAULIC  PUMPS  AND  UTILITY  MANjrOLO 
FLUID  TYPE  a “IL-H-83282 

FLUID  viscosity  AT  ATM  PRESSURE  a 9,860  CENTISTCKES 

FLUID  density  at  atm  pressure  a S2, 01176  LBS  PER  CU  FT 

temperature  a 130,00  DEO  F 

ALTITUDE  a 0,00  FT 

AMMIENT  PRESSURE  ■ UcYO  PSI 

FIGURE  457.  TYPE  1 SSFAN  OUTPUT  TITLE  PAGE 

BEST  AVAIIABIE  COPY 
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FIGURE  458.  TYPE  1 SSFAN  OUTPUT 
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FIGURE  460.  TYPE  3 SSFAN  OUTPUT 
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FIGURE  461.  TYPE  4 SSFAN  OUTPUT 
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Table  28  lists  the  comparison  between  the  SSFAN  simulation  and  the 
measured  test  data.  The  computer  results  indicate  good  correlation  with 
the  test  data.  However,  the  computed  pump  case  pressures  are  about  25 
psi  lower  than  the  measured  data. 


TABLE  28. 

SSFAN  TWO  PUMP  SYSTEM  SIMULATION  MEASURED  VERSUS  COMPUTED  DATA 


Parameter 

Location 

Measured 

Computed 

PI* 

Pump  #1  Outlet 

2880 

2873 

P2 

Pump  #2  Outlet 

3030 

3033 

P3 

Downstream  of 

Filter  Manifold 

2800 

2800 

P4 

Filter  Bowl 

2820 

2800 

P5 

Downstream  of 

30  Ft  Tube 

2760 

2746 

P6 

Pump  111  Case  Drain 

80 

55.53 

?7 

Pump  92  Case  Drain 

88 

55.85 

PS 

Suction  Pressure  at  Tee 

42 

43.81 

PC 

Pump  92  Actuator 

750 

- 

PP 

Pump  92  Manifold 

3040 

3033 

Ql 

Downstream  of  Solenoid 
Valve 

47 

47.6 

Pump  ^1  Case  Drain  Flow 

.55 

.43 

s 

Pump  92  Case  Drain  Flow 

.5 

.57 

* NOTE:  Pressures  are  in  PSIG  and  flow  in  GPM 


Conclusions  SSFAN  simulation  of  the  two  pump  test  system  correlated 
well  with  the  test  data.  Some  modifications  were  made  to  the  pump  model 
to  handle  the  master-slave  relationship.  Although  the  changes  had  to  be 
made  by  the  user,  they  were  relatively  minor. 
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SECTION  VII 

THERMAL  VERIFICATION  TESTS 


Thermal  testing  was  performed  on  four  elements  and  the  F-15  Iron  bird 
utility  speed  brake  system.  The  components  test  were  the  F-15  Instrumented 
pump,  a 1"  dia  x 30'  line,  a simple  restrictor,  and  a F-4  utility  heat 
exchanger.  The  test  procedures,  test  bench  set-up  and  computer  verification 
are  discussed  in  the  following  sections. 

1.  THERMAL  LINE  MODEL  VERIFICATION 

The  line  transient  thermal  tests  were  run  on  a one  inch  O.D.  stainless 
steel  tube  approximately  380  Inches  long  with  eight  thermocouples.  T1  through 
T8  were  taped  with  asbestos  to  the  exterior  of  the  line  as  shown  in  Figure 
462.  Two  pressure  transducers,  PI  and  P2  were  located  at  either  line  end  to 
record  the  upstream  and  downstream  pressures  for  the  computer  simulation.  An 
increase  in  the  temperature  measurement  error  resulted  because  the  thermocouples 
were  not  welded  to  the  line.  Seven  tests  runs  were  made  at  various  conditions, 
as  indicated  in  Table  29.  The  tests  were  run  to  show  the  cooling  down 
of  the  fluid  and  the  amount  of  heat  generation  Involved  due  to  friction. 

Only  two  basic  flow  rates  were  used,  10  cis  and  38.5  cis  while  the  pressiires 
remained  constant  and  the  inlet  fluid  temperatures,  T]  from  the  data,  to  the 
system  was  varied  to  obtain  the  transient. 


FIGURE  462.  THERMAL  LINE  TEST  CONFIGURATION 
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TABLE  29. 


THERMAL  LINE  TEST  CONDITIONS 


imu 

'n:sT 

CONDITION 

IM 

fUliSSUIUi  (I’SI) 

1’2 

PRESSURE  (PSD 

FLOW 

RATE  (CIS) 

AMBIENT 

TEMPERATURE  (“F) 

7ii-0l-XX 

Steady  State 

3004 

3001 

38.5 

80 

7a-02-XX 

Steady  State 

2936 

2994 

10 

82 

78-0-i-XX 

Steady  State 

3007 

3004 

38.5 

82 

78-04-XX 

Steady  State 

3006 

3004 

10 

84 

78-05-XX 

Temp.  Rise 

a0-120°F 

3004 

3001 

38.5 

82 

7H-06-XX 

Temp.  Rise 
80-120°F 

3004 

3001 

10 

82 

78-07-XX 

Temp.  Rise 

3008 

3005 

38.5 

85 

80-120°F 

)tx  - denotes  recorded  value 

a.  Computer  Simulation  with  Line  Test  Data  - The  line  was  simulated  in 
HYTTHA  by  the  Subroutine  TLINEA.  In  the  program  the  pump  was  simulated 
by  a constant  pressure  variable  temperature  component,  TTEST91.  At  this 
point,  upstream  of  the  line,  the  fluid  temperature  transient  from  the  data, 
Tl,  is  input  to  the  line.  At  the  downstream  point  of  the  lines,  the 
program  uses  a constant  pressure,  constant  temperature  reservoir,  TRSVR61. 

The  actual  areas,  distances,  heat  transfer  coefficients,  etc.,  needed 
to  be  accurately  measured  for  correct  input  in  order  to  obtain  an  accurate 
computer  model  simulation,  are  shown  in  Figure  463. 

Figure  464  shows  the  input  test  data,  Tl,  (the  solid  line)  that  was 
input  to  the  prograTi. 

Pigure  465  compares  the  simulation  of  the  data  at  location  T2,  with  the 
temperature  T2  data  being  the  solid  line.  As  shown  the  same  computed 
slope  occurs  as  Tl  but  the  data  reaches  a higher  end  value.  In  comparing 
the  T2  measured  data  with  the  input  Tl  data,  a bad  comparison  is  obtained. 

T2  shows  the  fluid  Increasing  at  least  l-S^F  in  approximately  50  inches 
of  the  line.  This  can't  actually  happen  since  there  is  no  mechanism 
in  the  line  to  accomplish  the  temperature  rise.  The  computed  T2  temperature 
closely  resembles  the  Tl  data  as  it  should.  The  T2  thermocouple  therefore 
must  be  in  error  and  the  computed  information  looks  correct. 


356 


Iii-Mtllt  Jw»»lfl^fW.,pi[ijiii(.jlULi.iii, 


' T.rr  w ^Tn  *^Tr 


I 


t: 


FIGURE  465.  78-05-T2  THERMAL  TRANSIENT 

Figures  466  and  467  show  a comparison  of  the  T7  location  data  temperature 
(solid  lines)  and  the  computed  temperatures  (the  T's)  at  that  same  simulated 
location.  Both  the  wall  and  fluid  temperatures  from  the  simulation  (the  T's) 
show  good  comparison  to  the  data.  These  two  temperatures  may  be  a little  low 
since  the  external  temperature  in  the  test  was  78'’F  while  the  actual  measured 
value  was  82'’F.  The  initial  temperature  is  slightly  above  the  input  temperature 
with  no  measurable  friction  Incurred  and  lower  external  temperatures.  This 
seems  to  indicate  a faulty  thermocouple,  making  the  data  too  high. 

Reasonable  results  were  obtained  when  considering  the  actual  test 
conditions  and  comparing  the  calculated  temperatures  to  input  temperature. 

For  the  next  simulation,  the  computed  input  to  HYTTHA  is  shown  in  Figure 
468  with  the  test  data  in  Figure  469. 

Figures  470  and  471  compare  the  computer  line  simulation  with  the 
data  at  location  T2,  with  the  temperature  data  T2  being  the  solid  line  in 
each  case.  These  two  figures  indicate  that  the  wall  and  the  fluid  both 
respond  similar  to  the  data  but  at  a slower  rate  and  a lower  final 
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temperature.  Comparing  the  data  in  these  two  figures  to  the  input  data 
in  Figure  469  there  is  no  way  the  data  in  the  later  two  (Figures  470 
and  471)  could  reach  233°F  when  the  input  data  only  reaches  228°F  and  the 
external  conditions  are  at  SS^F  (78°F  in  simulation).  The  error  is  in 
the  measurement  of  the  data,  because  no  physical  mechanism  in  the  line 
can  account  for  the  5"F  temperature  rise.  The  computer  simulation  is 
modeling  the  temperatures  correctly. 

In  Figures  472  and  473  of  the  computed  temperatures  react  somewhat 
slower  and  reach  a lower  final  temperature  than  the  measured  data.  The  data 
for  the  line  shows  an  increase  from  228°F  at  t = 0 to  233®F  at  375 
seconds  and  down  again  to  228“?  at  the  end.  Since  the  beginning 
temperature  is  228“F  the  final  should  be  somewhat  lower,  nearer  the 
calculated  values.  The  overall  response  of  the  calculated  line  temperature 
values  seem  to  be  a good  representation  of  the  actual  test  conditions. 


1 . ■ . 1 • 


FIGURE  466.  78-05-T7  THERMAL  TRANSIENT,  WALL,  TEMPERATURE 
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FIGURE  A67.  78-C5-T7  THERMAL  TRANSIENT,  FLUID  TEMPERATURE 
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FIGURE  A68,  RUN  78-07  HYTTHA  INPUT  DATA 
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FIGURE  469.  78-07-Tl  INPUT  TEST  DATA 


FIGURE  470.  78-07-T2  THERMAL  TRANSIENT,  WALL  TEMPERATURE 
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FIGURE  471.  78-07-T2  THERMAL  TRANSIENT,  FLUID  TEMPERATURE 
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FIGURE  472.  78-07-T7  THERMAL  TRANSIENT.  WALL  TEMPER.\TURE 
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FIGURE  473.  78-07-T2  THERMAL  TRANSIENT,  FLUID  TEMPERATURE 


b.  Conclusions  - The  thermal  line  model  adequately  predicted  the 
temperature  distribution  in  the  tested  line  sections.  Verification  has 
been  accomplished  for  the  data  presented  in  tliis  report.  Test  data 
is  not  concurrently  available  to  verify  the  line  model  over  a wide 
range  of  temperature  conditions. 

2.  THERMAL  RESTRICTOR  MODEL  VERIFICATION 

The  restrictor  thermal  tests  were  run  on  1/2  inch  lines  with  a .094  inch 
diameter  orifice  restrictor  between  the  two  lines,  as  shown  in  Figure  474. 

Elgnt  temperatures,  T1  through  T8 , and  three  pressures,  PI  through  P3,  were 
recorded  during  the  tests  and  used  for  the  computed  simulation.  The 
temperatures  were  recorded  using  thermocouples  that  were  welded  then  covered 
with  asbestos  tape  to  their  respective  locations.  Thermocouple  No.  T5  was 
inserted  into  the  restrictor  body  and  covered  with  the  tape,  as  shown  in 
Figures  474  and  475.  The  temperature  transient  was  generated  by  cycling  a 
thermal  relief  valve  to  a heat  exchanger  in  the  return  system.  The  pressure 
source  was  the  F-15  instrumented  pump. 
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FIGURE  7.2-2 


FIGURE  47A.  RESTRICTOR  TEST  CIRCUIT 
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FIGURE  475.  RESTRICTOR  INSTRUMENTATION  FOR  THERMAL  TESTS 


TABLE  30. 


RESTRICTOR  TEMPERATURE  EFFECTS  TEST 


iU'N 

XllI  K 

Ti:ST 

IdNIUTlDN 

IMIMP 

l‘Ki:SKllRK 

Ki:si;uvoiu 

l‘l<i:SSUKK 

SYSTEM 

_i'X(2W_ 

EXTERNAL 

TEMHEHATURES 

INITIAL  FLUID 
TEMPERATURES 

K-r-oi-xx 

Strjdv  St^ite 

T1 

2150 

50 

38.5CIS 

78‘’F 

85'F 

o'-O.'-XX 

Temp  Trims  lent 
,\mb 

T1 

2950 

50 

38.5CIS 

78"F 

85'F 

S'-O  i-XX 

Temp  Transient 
,\inb  210”F 

T1 

2950 

50 

38.5CIS 

76“F 

84'F 

on 

t 

C 

i 

r 

Temp  Transient 
<\mb  n0°F 

Tl 

2950 

50 

3S.5C1S 

76*F 

84'F 

Steady  State 

Tl 

2900 

110 

36.5CIS 

78'F 

85'F 

B'-Oo-.XX 

Temp  Transient 
iVnb  !J0°F 

2900 

no 

36.5CIS 

78°F 

85'F 

O' 

I 

0 

1 

Temp  Transient 
,\mb  2H)“F 

Tl 

2850 

60 

36.5C1S 

78'F 

84'F 

K-X  denotes  measured  data  parameters 


Table  30  contains  an  Itemized  account  of  the  temperature,  pressure  and 
flow  conditions  for  each  of  the  restrictor  tests.  The  test  conditions  at 
various  steady  state  and  warm  up  temperatures  were  established  to  look 
at  the  temperature  response  of  different  line  and  restrictor  locations. 

The  up  and  downstream  pressure  and  flow  rates  were  held  between  pressure 
differentials  of  2900  and  3800  psl  and  flow  rates  of  38.5  and  36.5  cis. 

For  the  warm  up  tests  the  fluid  temperature  leaving  the  pump  supplied  the 
thermal  transient  to  the  line  and  restrictor  system.  The  initial  fluid 
temperatures  started  at  atmospheric  temperature. 

a.  Computer  Simulation  with  Restrictor  Test  Data  - The  computer 
simulation  of  the  test  runs  were  done  with  the  HYTTHA  restrictor 
model,  TREST41,  and  the  line  model  (TLINEA) . The  upstream  boundary 
conditions  were  input  via  the  component  TTEST91.  The  downctream 
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component  was  a constant  pressure  and  temperature  reservoir  TRSVR61, 

The  computed  input  data  to  HYTTHA  is  shown  in  Figure  476  and  484 

for  two  different  simulations  of  the  same  data.  The  difference  in  the 

two  simulations  were  external  temperatures,  initial  temperat  res, 

the  mass  of  the  restrictor  was  lowered  by  .01  pounds  and  the  external 

2 

heat  transfer  coefficient  was  changed  from  .0075  to  .0069  WATTS/IN  -°F. 
These  were  done  to  see  what  changes  were  most  affecting  the  restrictor 
walls.  Temperature  T1  from  the  test  data,  in  Figure  477,  was  used  as 
the  transient  input  to  the  system  with  the  system  configuration  data 
in  Figure  476. 

Tlie  upstream  line  wall  and  fluid  temperatures  from  the  program 
very  accurately  simulate  the  actual  T2  test  data  as  shown  in  Figures 
478,  479,  485  and  486.  The  computed  wall  temperatures  are  a little 
lower  than  the  data  (1-2°F)  while  the  fluid  is  right  on  the  data,  as 
should  be  since  in  the  test  the  thermocouples  were  Insulated  therefore 
measuring  the  fluid  temperature. 

The  restrictor  walls  had  several  thermocouples  Installed  to 
observe  the  temperature  gradients  in  the  walls.  The  computed  program 
treated  the  restrictor  walls  as  isothermal,  and  closely  resembling  the 
T5  location  in  the  test  the  heat  added  to  the  fluid  due  to  the  pressure 
drop  across  the  orifice  was  added  to  the  fluid  at  location  T5.  The 
program  adds  it  at  location  T4.  So,  as  indicated  in  Figures  480  and 
487,  temperature  T4  data  is  less  than  T5  calculated,  as  should  be  since 
T4  is  upstream  of  the  generation  and  only  sees  the  cooler  fluid. 

T4  heats  up  due  to  conduction  back  from  T5,  but  at  a slower  rate  than 
does  T5. 

The  T5  data  also  shows  a final  lower  temperature  than  the  calculated 
temperatures  at  the  same  locations.  The  exterior  heat  transfer  coefficient 
could  be  to  low  to  reduce  the  end  temperature,  and  this  can  be  seen  by 
comparing  Figures  480  and  487.  Figure  487  has  a lower  external  temperature 
and  a high  external  heat  transfer  coefficient  therefore  reducing  the  end 
calcul  ited  result. 

In  Figures  480,  481,  487  and  488  there  is  an  Initial  lag  for 
the  calculated  wall  temperature  versus  the  data.  This  may  be  caused 
from  a high  effective  mass  input,  large  external  heat  transfer  coefficient 
or  even  a low  computed  calculated  internal  heat  transfer  coefficient. 
Figures  480  and  481  have  a larger  mass  but  smaller  external  heat  transfer 
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coefficient  than  does  the  runs  in  Figures  487  and  488  and  the  first 
responds  faster.  Too  large  an  external  surface  area  could  also  cause 
this  initial  lag,  convecting  to  much  heat  too  fast. 

In  Figures  480  and  487  temperature  T6  is  a downstream  wall  temperature 
and  follows  that  of  T5  but  a little  lower  since  it  is  somewhat  downstream 
of  the  generation,  and  has  lost  some  heat  to  the  external  atmosphere. 

The  downstream  line  wall  and  fluid  temperatures,  correspond  very  well 
to  the  T8  data  as  shown  In  Figures  482,  483,  489  and  490.  Not  only  does 
this  verify  the  line  subroutine  but  also  helps  verify  the  restrictor  model. 
Since  the  downstream  wall  and  fluid  temperatures  could  not  be  correct 
unless  given  the  correct  upstream  boundary  temperatures;  the  upstream 
boundary  conditions  coming  from  the  restrictor  subroutine.  So  the  fluid 
existing  from  the  restrictor  must  be  nearly  correct  or  the  downstream 
line  fluid  and  wall  calculations  would  differ  from  the  data,  which  is  not 
the  case. 

The  temperature  ti-anslent  in  Figure  491  was  used  as  the  input  for  two 
computer  simulations. 
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FIGURE  477.  87-06-Tl  INPUT  TEST  DATA 


FIGURE  478.  86-06-T2  THERMAL  TRANSIENT,  WALL  TEMPERATURE,  0.5  SEC.  TIME  STEP 
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FIGURE  483,  87-06-T8  THERMAL  TRANSIENT,  FLUID  TEMPERATURE,  0.5  SEC.  TIME  STEP 
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FIGURE  484.  RUN  86-06  HYTTHA  INPUT  DATA,  0.2  SECOND  TIME  STEP 
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FIGURE  485.  87-06-T2  THERMAL  TRANSIENT,  WALL  TEMPERATURE,  0.2  SEC.  TIME  STEP 


FIGURE  486.  86-06-T2  THERMAL  TRANSIENT,  FLUID  TEMPERATURE,  0.2  SEC.  TIME  STEP 
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FIGURE  4S8.  87-06-T5  AND  T6  THERMAL  TRANSIENT,  0.2  SEC.  TIME  STEP 
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FIGURE  491.  87-07-Tl  INPUT  DATA 


The  difference  in  the  two  simulations  (of  the  same  test  data),  was  that 

the  mass  of  the  restrictor  walls  has  been  decreased  from  .41  pounds  to  .387 

pounds  (to  see  if  the  wall  temperature  would  respond  faster)  and  the  external 

2 

heat  transfer  coefficient  was  increased  from  .0075  to  ,018  WATTS/IN 
to  try  to  lower  the  final  temperature  of  the  walls.  The  input  data  for 
the  computed  simulations  are  shown  in  Figures  492  and  499, 

The  upstream  line  and  fluid  temperatures  from  the  program  very 
accurately  simulated  the  actual  test  data,  T2,  as  shown  in  Figures 
493,  494  and  500,  A raise  in  the  external  heat  transfer  coefficients  can 
lower  the  calculated  temperatures  Including  final  temperature  while  increasing 
the  wall  mass  increases  the  reaction  time  and  total  temperature  of  the  walls, 
as  seen  when  comparing  Figures  495  to  501.  Averaging  the  data  temperatures, 
T4.  T5  and  T6  will  bring  the  data  closer  to  the  calculated  values  from  the 
program.  The  most  accurate  way  to  verify  the  restrictor  model  is  to  consider 
the  wall  as  being  isothermal  as  in  the  HYTTHA  restrictor  model. 

The  calculated  downstream  line  wall  and  fluid  temperature  hit  the  data 
very  accurately  as  shown  in  Figures  497 , 498,  503  and  504  not  only  verifying 
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the  line  subroutine,  TLINEA,  but  also  verifying  the  restrictor  subroutine, 
TREST41,  since  the  upstream  boundary  condition  for  the  line  is  the  exit 
restrictor  fluid  temperature,  so  for  the  line  to  be  correct  the  restrictor 
first  must  be  correct. 

Even  though  the  restrictor  wall  does  not  respond  as  quickly  as  the 
data,  it  finally  reaches  the  correct  end  temperature. 

• Uii  jt  rUhC-it-n  ir,<L'i‘.l) 


liU  .'.S.-J'ISI  1<.  I ^'J*'  l.’.o  IJ  !•  ‘jlO.D./O  f.l.CJ^O:  Al  IIIl  INTlPVtl.  IIF  Olll.  . >Ll  UF/ 

kllH  UUIKUl  KJJNIi  dUtllO  AT  1‘JTIAVALi  UF  . ',.tiOjO  SEC3N0S 

FLUID  UAIa  rQlt  F3,.  nil-H-L606A  >lln  A VAPUA  PalSSUPL  OF  2.0  PSI 


U N 1 A 1 A 
LINE  NO, 

llngin 

INrEMNAi 

WALL 

GLi Tax 

ANo  1 !■  nT 

STkUCTURL 

Fluid 

NAIlPIAL 

1 

72.OJ0O 

CIA  fhiCANESS 

.^^0w  .0<;oC 

it. t COO 

1 1 rti* 

TP.OCCw 

t ENR 

7o,:uOO 

TtKP 

7d.COOO 

T TP« 

9 

> 

i.  .COOO 

a ^ bC 

.OtoO 

i?.oooo 

/•t.OjwO 

7c ,0030 

7:>.G000 

9 

C0n»*i» 

1 iNftuEM 

LA^A  A 

91  0 - 

A A 0 

0 J 

o 

o 

0 0 

0 0 

a iNi 

GaU  2 

-1  2 

I 0 

0 0 

u 0 0 

0 0 

0 0 

KLAL  CAlA 

CAku  « 1 

• ^ }ooi 

•AIu0t«C0 

. 1 7O01*».jC 

. l>00£  *01 

.ASC3l*Cl 

. /OuOt-02 

.10001*01 

. 7eCi>c«G2 

•»EAL  OAIa 

CakG  • 2 

. /OcOt  «c^ 

, f>0Mt*Q2 

. Svoot  *0? 

.6‘yOOf  *00 

.vcout-oi 

0. 

0. 

0. 

'i  IMtGLk 

GAIA  3 

Ll  1 

2 i/  0 

0 0 

0 0 c 

0 0 

0 f 

UAIA 

CAkU  • 1 

, GOCOi ♦wZ 

.7!,00k»O2 

0. 

A , 

0. 

0. 

0, 

FIGURE  492.  RUN  87-07  HYTTHA  INPUT  DATA 
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FIGURE  498.  87-07-T8  THERMAL  TRANSIENT,  FLUID  TEMPERATURE 
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FIGURE  499.  RUN  87-07  HYTTHA  INPUT  DATA  WITH  A LARGER  HEAT  TRANSFER  COEFFICIENT 
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FIGURE  500.  87-07-T2  THERMAL  TRANSIENT  WITH  A LARGER  HEAT  TRANSFER  COEFFICIENT 


FIGURE  501.  87-07-T5  THERMAL  TRANSIENT  WITH  A LARGER  HEAT  TRANSFER  COEFFICIENT 
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FIGURE  502.  87-07 -T6  THERMAL  TRANSIENT  WITH  A LARGER  HEAT  TRANSFER  COEFFICIENT 
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FIGURE  503.  87-07 -T8  THERMAL  TRANSIENT,  COMPONENT  TEMPERATURE  WITH  A LARGER  HEAT 
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FIGURE  504.  87-07 -T8  THERMAL  TRANSIENT,  WALL  TEMPERATURE  WITH  A LARGER  HEAT 

TRANSFER  COEFFICIENT 


b.  Conclusions  - The  restrictor  model  computer  runs  correlate  well 
with  the  test  data  measured  in  the  laboratory.  Some  discrepancies  exist 
in  this  model  as  noted  in  paragraph  a.  The  model  does  provide  adequate 
representation  of  the  thermal  effects  of  a simple  restrictor  in  a line 
system. 

3.  PUMP  MODEL  VERIFICATION 

The  pump  thermal  tests  were  run  on  the  configuration  shown  in  Figure 
505.  Table  31  contains  a listing  of  all  the  test  conditions  that  were 
recorded.  The  thermocouples  on  the  test  stand  were  taped  to  the  line. 

The  drive  torque,  drive  speed,  pump  pressures  and  flows  were  recorded 
for  all  test  conditions. 
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FIGURE  505  PUMP  THERMAL  TRANSIENT  TEST 

TABLE  31 

CONDITIONS  FOR  THERMAL  TEST  - F-15 

CONFIGURATION 

PUMP 
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38.5 
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70*  2I6*r 

3022 

77-09 

38.5 

«-*  122*F 
(Scart-vp> 

3000 

77-10 

38.5 

92*  128*P 
(Start-up) 

3508 

77-11 

38.5 

9Z*  I19*r 
(Start-up) 

*008 

77-12 

38.5 

92*  125T 
(Start-up) 

*501 

77-13 

10 

87-*  II7*r 
(Start-up) 

3000 

77-1* 

10 

»>♦  U9*F 
(Start-up) 

3500 

77-15 

10 

9**  121T 
(Start-up) 

*000 

iOmd  zm  -dim 


a.  F-15  Inatrumented  Pump  Teat  Data  - Pump  test  data  Is  presented  for 
thermal  transients  generated  by  shutting  off  the  heat  exchanger  bypass 
flow.  Figures  numbers  506,  507,  508,  509,  510  and  511  through  515  present 
temperature  data  for  two  thermal  transients  at  10  and  38.5  CIS  pump 
outlet  flow  respectively.  The  pump  compensator  was  set  to  2940  psl 

for  both  test  runs. 

Shown  in  Figures  516  through  520  and  521  through  525  are  start-up 
thermal  transients.  The  pump  was  started  and  the  temperatures  were  monitored 
until  they  reached  a steady  state  condition. 

b.  Conclusions  - No  verification  has  been  accomplished  with  the  HYTTHA 
program  pump  model.  The  pressure  data  taken  for  each  test  oscillated 
and  could  not  be  used  as  boundary  conditions  In  the  simulation  programs. 
Figures  526  and  527  contain  typical  pressure  data  taken  In  the  thermal  tests. 
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FIGURE  506  F-15  HYDRAULIC  PUMP 

77-05-Tl  STEADY  STATE 
10  CIS  80-120''F 


250.0 

TIME  IN  SECONDS 

FIGURE  508  F-15  HYDRAULIC  PUMP 

77-05-T3  STEADY  STATE 
10  CIS  8-120°F 


500.0 
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FIGURE  515  LOAD  VALVE 

77-06-T5  TEMPERATURE  TRANSIENT 
38.5  CIS  90  TO  120°F 


FIGURE  516  F-15  HYDRAULIC  PUMP 

77-09-Tl  START  UP 
38.5  CIS  90-120“F 


100.0 

TIME  IN  SECONDS 


20C 


FIGURE  522  F-15  HYDRAULIC  PUMP 

77-12-T2  START  UP 
38.5  CIS  90-120“F 
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FIGURE  526  F-15  HYDRAULIC  PUMP 

77-05-PS  TEMP  TRANSIENT 
10  CIS  77-120°F 
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4.  HEAT  EXCHANGER  MODEL  VERIFICATION 

The  heat  exchanger  transient  thermal  tests  were  run  on  the  system  configuration 
shorn  in  Figure  528.  Table  32  contains  a list  of  test  conditions. 

a.  Computer  Simulation  with  Heat  Exchanger  Test  Data  - The  F-4  heat 
exchanger  was  simulated  in  HYTTHA  by  THEX69.  In  the  program  the  pressure 
source  was  simulated  by  a constant  pressure  variable  temperature  component, 
TTEST91.  The  program  uses  a constant  pressure,  constant  temperature 
reservoir,  TRSVRbi  as  the  downstream  component.  The  actual  areas, 
distances,  volumes,  heat  transfer  coefficients,  etc.,  are  shown  in 
Figure  529. 

A total  of  four  runs  were  made  at  similar  heat  exchanger  inlet 
pressures  and  various  flow  rates.  The  upstream  hydraulic  fluid  temperature 
transient  is  the  input  to  the  system.  In  the  tests  the  input  cooling  liquid, 
(water)  was  also  varied,  but  in  the  THEX69  model  the  temperature  of  that 
liquid  remained  constant,  at  a representative  value  from  the  T1  temperature 
data. 
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FIGURE  528  F-4  HEAT  EXCHANGER  THERI-IAL  TEST  CONFIGURATION 


TABLE  32 

HEAT  EXCHANGER  THERMAL  TEST  CONDITIONS 


mm 

NUMBER 

TEST 

CONDITIOH 

RETURN 

PUSSURE 

FLUID 

FUW 

79-01-XX 

Steady  State 

47 

10  CIS 

79-02’EX 

Steady  State 

51 

10  CIS 

79-03-XX 

Tettp  Tranelent 

80-210 

60 

10  CIS 

79-04-]a 

Teap  Tranelent 

58.2 

0 CIS 

210-170 


H20 

AMBIEHT 

INITIAL  SYST» 

FLOH 

TENPERATUU 

TEMPERATUKES 

10.03  GPM 

79 

80 

1.06  ent 

62 

80 

0.0  GFN 

7S-78 

RO 

6.26  era 

so 

80,235 

396 


• ••••  TUT  or  THIMMU  T»*NSIINT  ftnotn  tOTMU»*l 


THI  TMOXL  TItsll'HT  ITTmiltl  IT  r>ni-  T<0.0  TO  T«  >00.»00  SFCONOT  tT  TINT  iNTKVtlS  OF  0(lT«  .TDOOC 
HITH  OUTFUT  FOINTT  FirTTIO  IT  INTIFVilS  OF  > T.OOOOO  IICOTOI 

FlUlt  S«T*  FOI  FM  Nll-N-SMM  KITH  t ItfOt  FlilSUil  OF  1.0  011 


II  Hi!* 

LIN6TN 

INTMNAL  MAIL 

OlA  THICRHCSt 

OlLlAI 
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TINR 

& 

16.0000 

• 02AO 
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10.0000 

40.0000 

40.0000 

4 

1 

ij.oooo 

.AABQ 

.0240 

12.0000 

10.0000 

40.0000 

•0.0000 

4 

1 INTTCTR 

DATA  1 

41  0 -1 

1 0 

0 0 

0 0 0 

0 0 

0 

0 

f iNTfCIA 

DATA  2 

49  } 1 

-2  0 
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0 0 0 

0 0 

0 

0 

tUL  OATi 

CARD  1 1 

•4oooe*oi 

0. 
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•»TCOC*01 

.46412*04 
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0. 

•10001*02 
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DATA  1 

61  1 2 
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0 0 

0 0 0 

0 0 

0 

0 

KIAL  DATA 

CARO  • 1 

•9«0e(»D2 

•7406C*62 

•7i00t*02 

0. 

0. 

0. 

0. 

0. 

FIGURE  529  RUN 

79-03 

HYTTHA 

INPUT  DATA 

In  run  No.  79-03  temperature  T3  In  Figure  530  was  used  as  the  transient 
Input  to  the  system.  There  was  no  cooling  flow  through  the  heat  exchanger. 
Figure  531  shows  the  existing  fluid  temperature.  The  predicted  results 
responds  very  accurately  to  the  data  with  the  only  variation  at  1000  seconds 
with  the  two  final  temperatures  differing  by  approximately  4®F.  The  calculated 
temperatures  are  high  to  begin  with  and  low  at  the  end.  This  is  because 
the  cooling  liquid  had  an  actual  transient  input  from  low  to  high  and  the 
program  used  a representative  constant  value,  of  75.8‘’F  for  obtaining 
the  result.  Since  there  was  very  little  coding  liquid  flow  this  result 
was  small,  as  Figure  531  indicates. 

Figure  532  shows  a plot  of  the  cooling  liquid  output.  The  test  data 
was  recorded  downstream  where  a large  volume  congregates  while  the  calculated 
temperature  (the  T's)  is  inside  the  exchanger.  So  these  two  graphs  aren't 
even  at  the  same  location.  But  looking  at  the  calculated  cooling  liquid 
graph  and  comparing  it  to  the  existing  fluid,  it  appears  very  reasonable 
answers.  Since  there  is  no  liquid  flow  it  should  heat  up  considerably 
which  it  does,  but  at  a slower  rate  than  the  fluid  since  its  heat  transfer 
coefficient  with  the  pipes  is  very  small.  So  this  heating  up  transient 
correlates  with  the  test  data.  Internal  heat  transfer  coefficients  are  tricky 
and  can  be  adjusted  for  closer  results. 

b.  Conclusions  - The  heat  exchanger  was  able  to  predict  the  test 
results  for  the  range  of  temperatures  that  were  tested. 
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FIGURE  532  COOLING  LIQUID  OUTLET  TEMPERATURE 


5.  F-15  SPEEDBRAKE  THERMAL  TESTS 

The  F-15  iron  bird  speedbrake  test  runs  were  made  on  the  system  configuration 
shown  in  Figure  533.  A listing  of  the  test  runs  is  contained  in  Table  33. 

The  utility  system’s  oil  was  heated  by  cycling  the  system.  The  speedbrake 
solenoid  selector  valve  was  then  operated  to  cycle  the  speedbrake.  The  hydraulic 
subsystem  warmup  characteristics  from  ambient  temperature  were  measured.  Data 
was  then  recorded  for  opening,  closing  and  reversal  transients  while  operating 
the  speedbrake  actuator  with  the  solenoid  selector  valve. 

a.  Computer  Simulation  with  Test  Data  - The  HYTTHA  computer  program  used 
the  system  configuration  data  in  Figure  534  and  the  test  data  in  Figure  535. 
The  results  of  the  simulation  are  shown  in  Figures  536,  537,  538  and  539. 
Figure  536  corresponds  to  the  T4  thermocouple  location  in  Figure  533. 

At  50  seconds  the  compute  temperature  is  10  degrees  lower  than  the  measured 
results.  A graph  of  the  computed  actuator  wall  temperature  is  shown  in  Figure 
537.  The  measured  data  corresponding  to  this  temperature  is  in  Figure  540. 

In  the  test  data  the  actuator  heats  up  24^  above  its  initial  temperature, 
but  the  computed  output  shows  a 16®F  rise  in  temperature. 
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The  downstream  thermocouple  data  which  is  Figure  541  for  this  retract 
run  shows  a slight  increase  in  temperature.  The  computer  predicted 
values  in  Figure  538  exhibit  a completely  different  characteristic.  The 
computed  temperature  at  the  T5  location  in  Figure  539  also  does  not 
correlate  with  the  test  data. 

b.  Conclusions  - The  test  data  on  the  speedbrake  system  does  not  correlate 
with  the  HYTTHA  program  predicted  results.  Further  work  on  the  subroutines 
must  be  done  before  adequate  verification  can  be  accomplished.  The  current 
limitations  in  the  present  contract  prohibit  further  work  on  the  development 
of  these  models. 


FIGURE  533  F-15  IRON  BIRD  SPEEDBRAKE  SYSTEM  CONFIGURATION 

AVAIIABIE  COPY 
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TABLE  33 

THERMAL  SPEEDBRAKE  TESTS 


RUN 

HUMBER 

TEST  CONDITION 

AMBIENT 

TEMPERATURE  CP) 

PUMP  INLET 
TEMPERATURE  (*F) 

VALVE  POSITION 

80-01 

Actuator  Retract 

7J 

193 

Hold-Ratract 

80-02 

Actuator  Extend 

74 

190 

Hold-Extend 

80-03 

Actuator  Reveraal 

72 

193 

Hold-Rat  rac  t-Ext  end 

80-12 

Actuator  Ra<;eraal 

70 

195 

Hold-Extand-Ratract 

TABLE  33  THERMAL  SPEEDBRAKE  TESTS 


•••••  T(ST  U<  Tl.fllflAI,  TAlNAllllI  AtnABAH  ••*••  (AO-OI->>) 

THf  tncaxal  rtihsitNr  •iiaonsc  n t»un  i>o.o  to  t>  >0,000  siconos  >1  Tim  mTiaviis  or  out*  .0*000 

WIIH  OUTrut  POINTS  PLOTTiO  AT  INnAVPlS  OF  < .>0000  STCONoS 

FlUlO  OATa  PO*  pop  NIL*h>>AOFA  HTTh  a VAPOR  PtfSSIIPF  OF  2.0  PAT 


ltN»^  MUa 

IPNGTH 

tNTPRNAL 

UAll  . . 

DflTAR 

ANDfPNf 

$TRt*CtUR( 

Plt'TO 

NATtRJA 

OlA  ThILKNCSS 

T(ov 

Ut6 

U66 

1 

>2agocg 

a)740 

#02*10 

20.0000 

79.0OC0 

7>.ooor 

N4  .0000 

y 

f 

27.UCOO 

#4440 

.0260 

27.0000 

71.0000 

79,DOOO 

70,0000 

9 

i 

#4440 

• 02A0 

27.C0M0 

76.0000 

79.0000 

64.0000 

0 

4 

'..AaOOOC 

#4440 

#0200 

27*0000 

70.0000 

70,0006 

70.0000 

0 

5 

^TaOOOQ 

#^440 

• 02M0 

77.0000 

79.00C0 

79.0000 

70. cooe 

9 

A 

7^. COCO 

4 440 

.0260 

90.0000 

7»,0000 

79,0P0e 

60,0000 

9 

r 

12«aOOCO 

«67A0 

aOlVO 

16.0000 

79. 0000 

75,0000 

04.0000 

9 

i ISTiCkt 

OATA  1 

VI  0 -1 

2 0 

0 0 

0 U 0 

0 0 

0 0 

2 INtLOFK 

DATA  2 

22  A 1 

-2  -0 

> 0 

0 0 0 

0 0 

0 c 

MfeAL  ftAU 

CAAC  • 

1 

• iicot-o.’ 

.1250C400 

.07OOf«Ol 

•9700(402 

-,  2>00i-02 

-*i7:o(40o 

.099O(-bl 

,97(0(407 

«kAk  0A1A 

CAAO  ff 

A 

•2>0V4*02 

.1250t*‘'O 

«02OOt-Ol 

•9?vCfc4v2 

-,  I2>r (400 

.0iybfc-Ai 

.17(0(402 

KlAL  DATA 

CAitO  A 

i 

«9000C*01 

alOCOMOl 

.90004401 

.4*ocr«ci 

,1«U0(4&2 

.V00f/(407 

•09001-02 

.iuco(4ri 

A(AL  data 

CAkP  • 

4 

a 7R00a«02 

•7900l«07 

.6000(402 

•0OOOi4O2 

•75001-01 

0. 

0. 

u. 

AkAL  DATA 

CARO  « 

Of 

•«1V0C*01 

aRlVM(401 

•1710f 4C2 

,i2i>(4r2 

•510C1402 

0* 

0. 

VkAt  DATA 

CAAO  P 

ft 

0# 

Of 

-.16091400 

-.1001(400 

0, 

0, 

A, 

0, 

CP«A#» 

9 iNTkOCA 

OATA  3 

4i  7 2 

-9  0 

0 0 

0 0 0 

0 0 

0 c 

OATA 

CARO  • 

i 

a«OCOC«Ol 

•)000«*00 

.77001400 

•1000(401 

,0000(401 

.0&b(ik-ot 

• looonoi 

. 75(0(407 

«EAL  data 

CARO  f 

A 

•7S00C«02 

a RbOOi «02 

.6000(402 

.0900(400 

. 132X400 

0. 

0, 

c. 

COMPf R 

4 IttECRR 

OATA  4 

102  4 j 

-A  0 

0 0 

0 0 6 

0 0 

0 0 

•»tAL  OAIA 

CAAO  • 

1 

.tl90t«Ci 

.24U.  *03 

•07iO(4Ol 

•7040(401 

• 0ClOl*(;l 

,90101  401 

.94001402 

• 04O(7(-Ol 

•^AL  OAlA 

CAAO  • 

i 

• 3R4i)i403 

«9>00k401 

.1000(491 

.9OC0I 400 

,0OOO|  40 

.6900(-02 

,00001-01 

.90(06407 

AlAL  UATA 

CA»n  • 

i 

«v047Di«02 

.0000(402 

•6000t«02 

•1000(400 

,9417(402 

,100C(400 

0* 

0. 

HEAL  UAIA 

card  • 

A 

•1920(402 

Op 

c. 

0. 

0, 

0, 

0, 

0* 

C0"»«# 

> ItUCfN 

OATA  f 

41  2 4 

->  0 

0 0 

0 0 0 

0 0 

0 c 

t»AL  ^aTA 

CARO  t 

1 

avooor«no 

.4Accr4D0 

•71006*00 

•10006401 

*0tCD(*tpl 

• 09oCI-O2 

.10AP(40I 

,7«(A»*(2 

ifAL  Data 

CARD  • 

? 

•Tseoi «07 

.MA0(402 

•0000(497 

.0900(400 

•)777t»Oy 

0. 

A, 

0, 

CHAP*  a 

t INIUPP 

OATA  A 

117  0 

-1  O 

0 0 

COO 

0 A 

A A 

•PAL  data 

CARD  • 

'} 

•ADDDFvDI 

•TDC0P4flT 

•}00A(«01 

.7000(401 

,9000(401 

•)AOO(«ft| 

•00AA(>O7 

.f6(A»4(7 

triAi  aata 

CAAD  • 

t 

•TAOOf *0/ 

•IAfl0(*07 

•14006407 

0* 

D« 

0. 

0* 

0, 

cot At* 

7 iNtiTeCR 

OATA  7 

01  1 T 

0 0 

y 0 

0 0 D 

0 0 

A A 

■PAL  DATA 

CARD  f 

.10007*01 

.9unop«e7 

•«0O0C«07 

e* 

0* 

0* 

0, 

0. 

FIGURE  534  RUN  80-01  HYTTHA  INPUT  DATA 
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FIGURE  535  F-15  SPEEDBRAKE  SYSTEM 


FIGURE  536  80-01-T4  FLUID  TEMPERATURE 
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FIGURE  537  SPEEDBRAKE  ACTUATOR  WALL  TEMPERATURE 
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FIGURE  538  FLUID  TEMPERATURE  AT  THE  T1  LOCATION 
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FIGURE  541  F-15  SPEEDBRAKE  SYSTEM 
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SECTION  VIII 


DISCUSSIONS  AND  CONCLUSIONS 
I.  AHSPA  PROGRAM  PHILOSOPHY  AND  EMPHASIS 

Since  1970  MCAIR  has  been  actively  involved  in  developing  and  verifying 
effective  computer  programs  for  design  and  analysis  of  aircraft  hydraulic 
systems.  The  AFAPL  funded  program  has  enabled  MCAIR  to  significantly  improve 
these  programs  and  verify  them  through  experimental  tests.  The  resultant 
computer  technology  has  been  made  available  to  all  interested  users  and  in 
addition  all  facets  of  the  API,  program,  including  testing  and  verification 
work,  have  been  publicly  presented  and  discussed  during  the  contract  period. 
This  open  give-and-take  of  information  has  been  good  for  the  computer  programs 
because  it  provided  a means  by  which  the  programs  could  be  further  verified  by 
the  experience  of  other  users.  The  feedback  from  the  varied  backgrounas  of 
academic,  industrial  and  government  users  has  been  seriously  studied  and  imple- 
mented wherever  possible  in  the  computer  programs.  MCAIR  believes  this  rapport 
was  necessary  to  provide  viable  and  up-to-date  computer  programs  that  would  be 
utilized. 

The  dynamics  of  aircraft  hydraulic  systems  are  complex.  The  rapid  changes 
in  flow  demand,  the  influence  of  fluid  friction,  cavitation  in  return  lines, 
the  response  characteristics  of  pressure  compensated  pumps  and  servo  units,  are 
all  difficult  to  test  and  to  analyze  effectively  using  standard  analytical 
techniques.  The  HYTPAN  program  was  developed  to  simulate  many  of  those  phenom- 
ena. At  the  start  of  the  contract  there  was  no  verification  of  the  HYTRAN  sub- 
routines because  or  the  lack  of  suitably  instrumented  tests.  HYTRAN  was  the 
most  complex  of  the  programs  and  thus  rece..ved  much  of  the  APL  program  funds 
for  its  development  and  verification.  Continual  attention  was  given  to  compu- 
tation techniques  so  as  to  minimize  the  potentially  high  running  costs  of  the 
transient  program,  while  retaining  useful  but  practical  accuracy.  MCAIR 
believes  that  thes^’  efforts  have  made  HYTRAN  a truely  effective  analysis  tool 
in  an  area  where  proper  analytic  techniques  were  heretofore  either  cumbersome, 
time  consuming,  or  not  practical  at  all. 

HSFR,  SSFAN,  and  HYTRAN  were  originally  developed  separately  with  little 
commonality  between  the  programs.  The  purpose  was  to  obtain  a wide  variety  of 
analytical  techniques  that  would  yield  the  best  approaches  to  the  varied  prob- 
lems encountered  in  hydraulic  model  and  system  simulation.  As  the  contract 
progressed  many  of  those  technio'.'os  fo^-ad  their  way  int")  all  three  programs. 
This  process  however  is  not  comolete.  The  continuous  evolution  in  program 
improvement  and  development  is  inherent,  for  example: 
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The  SSFAN  program  benefited  from  the  steady  state  portion  of  the  HYTRAN 
program.  Further  work  with  improVed  numerical  techniques  enabled  the  HYTTHA 
program  steady  state  section  to  be  faster  than  HYTRAN.  These  changes  have  not 
been,  but  could  be,  incorporated  in  HYTRAN. 

HYTRAN  and  HSFR  are  the  most  developed  of  the  four  computer  programs 
because  they  received  a majority  of  the  test  effort  in  the  laboratory.  How- 
ever, the  SSFAN  program  may  be  correlated  to  the  steady  state  data  taken  for 
the  HYTRAN  tests  on  a subsystem  level.  The  most  pertinent  and  useful  SSFAN 
verification  is  accomplished  at  low  temperatures,  which  was  outside  the  con- 
tract scope.  Further  work  could  be  done  in  this  area. 

2.  LABORATORY  TEST  PROGRAM  EXPERIENCE 

In  a test  program  covering  such  a wide  range  of  hydraulic  components, 
systems,  and  operating  conditions  many  problems  were  encountered.  Much  of  the 
laboratory  test  effort  has  been  documented  in  Section  Hi  of  this  report.  The 
major  areas  of  concern  in  the  program  were  pressure  instrumentation,  adequate 
flow  measurement  of  transient  phenomena,  proper  component  instrumentation,  the 
ability  to  generate  a reasonable  system  transient,  and  the  need  to  remove 
unwanted  mechanical  and  electronic  noise. 

a.  Pressure  Instrumentation  - Strain  gage  and  piezoelectric  pressure 
instrumentation  was  used  In  the  testing.  The  transducers  were  either 
split  block,  flu.ih  mounted,  or  clamp-on  mounted  to  the  lines.  Resonances 
problems  did  occur  for  the  split  block  mounting  in  areas  where  the  column 
of  oil  exposed  to  tne  transducer  surface  would  be  excited  by  the  pulsating 
flow  in  the  line  at  critical  pump  speeds.  Many  of  the  transducers  would 
drift  with  temperature  and  thus  had  to  be  recalibrated  for  each  run. 
Normally  the  accuracy  of  the  pressure  transducers  are  within  ^.5%  of 

the  rated  pressure. 

Flush  mounting  of  fixed  pressure  transducers  with  the  flow  stream 
is  recommended  to  avoid  an  extraneous  signal  from  resonating  liquid 
columns  in  short  stub  mounts.  Roving  clamp-on  piezoelectric  transducers 
are  recommended  for  easy  mapping  of  standing  pressure  waves. 

b.  Transient  Flow  Measurement  - Hot  film  anemometers  were  used  to  measure 
transient  flow  in  the  test  fixtures.  The  non-linear  output  of  the 
transducers  would  drift  with  small  changes  in  the  system  temperature. 

Thus  calibration  curves  were  generated  for  each  temperature  condition 
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that  was  run  In  the  laboratory.  Because  of  the  non-directlonal  character- 
istics of  the  hot  film  probe,  care  was  needed  in  Installation  and  proper 
data  interpretation. 

Although  the  anemometers  were  only  capable  of  measuring  local  fluid 
velocity,  they  provided  useful  information  for  transient  program  verifi- 
cation. 

c.  F-15  Pump  Instrumentation  - The  instrumentation  on  the  pump  worked 
well.  The  hanger  position  LVDT  probe  did  lose  contact  with  the  rate 
piston  during  turn-on  transients.  A split  block  was  added  to  the  LVDT 
and  nitrogen  gas  was  used  to  load  the  probe  shaft  against  the  rate  piston. 

The  proximity  sensor  used  to  measure  compensator  valve  spool  posi- 
tion had  only  a 0.050  inch  linear  range  while  the  measured  displacement 
on  the  test  pump  valve  was  0.070  inch.  This  was  not  a serious  short- 
coming since  spool  position  could  be  correlated  to  pump  ouulet  pressure. 

d.  Transient  Control  Valve  - Design  and  operation  of  the  fast  control 
valve  presented  many  problems.  A valve  with  an  operating  time  of  around 

2 milliseconds  and  a maximum  flow  rate  of  40  gpm  was  considered  desirable. 
A commercial  unit  was  extensively  modified  by  the  addition  of  a spring 
and  a separately  powered  hydraulic  servovalve/actuator  to  operate  the 
valve  poppet.  Because  of  the  valve  design  it  was  difficult  to  obtain 
any  type  of  snool  rate  control  over  10  milliseconds.  The  spool  would 
frequently  bounce  during  turn-on  or  turn-off  transients  causing  the  data 
run  to  be  scrapped  Also  flow  forces  on  the  valve  would  sometimes  cause 
it  to  close  prematurely. 

e.  Mechanical  and  Electrical  Noise  - Lines  on  the  test  fixture  were 
clamped  according  to  standard  aircraft  procedures.  Excessive  line 
vibration  did  interfere  with  Che  transient  component  tests.  When  this 
occurred  additional  clamps  and  weights  were  added  on  to  the  system. 

A large  commercial  acoustic  filter  was  used  during  many  of  the  component 
transient  tests  to  miniuize  pump  pressure  pulsations  In  the  test  section 
of  the  circuit. 

Electronic  filtering  was  required  on  the  instrumentation  to  remove 
spurious  signals  caused  by  mechanical  vibrations  and  excessive  instru- 
ment sensitivity. 
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3.  COMPUTER  PROGRAM  VERIFICATION  AND  STATUS 

A brief  synopsis  of  the  status  of  each  computer  program  and  the  results 
of  the  verification  effort  are  presented  in  the  following  sections.  The 
strengths  and  weaknesses  of  the  programs  are  discussed  along  wj th  areas  of 
program  usage  and  application.  Obcervatlons  are  offered  based  on  MCAIR's 
contract  effort  and  other  related  efforts. 

a.  HSFR  Computer  Program  - The  present  HSFR  program  can  provide  suffi- 
ciently reliable  predictions  of  the  resonant  frequencies  to  permit 
useful  design  analysis  of  real  hydraulic  systems.  MCAIR  has  used  the 
program  to  advantage  on  the  F-15  production  power  control  (PC)  systems, 
and  the  F-15  "Streak  Eagle"  DC  motor-pump  emergency  hydraulic  system. 
Preliminary  analysis  of  the  F-18  hydraulic  systems  has  been  done,  and 
investigative  modeling  and  testing  have  been  done  on  the  two-pump  F-15 
utility  systems. 

Usefulness  of  the  current  program  is  a function  of  system  complexity 
and  the  number  of  continuous  operation  pump  speeds.  The  HSFR  program 
makes  it  possible  to  easily  and  quickly  Identify  simple  system  changes 
or  components  which  will  relocate  resonant  frequencies  away  from  continuous 
operating  pump  speeds.  Simpler  circuits  and  fewer  continuous  operating 
speeds  allow  more  "room"  in  the  operating  pump  speed  range  to  accomplish 
safe  relocation  of  resonances.  The  F-15  utility  system  is  an  example  of 
an  acoustically  complex,  two-pump,  multi-branch  system  with  numerous 
major  resonant  responses  over  the  pump  operating  speed  range.  The  F-15 
PC  systems  are  somewhat  less  complex  with  a single  pump  and  fewer  branch 
circuits. 

Fortunately  the  accuracy  of  pulsation  amplitude  prediction  is  not 
critical.  If  resonance  relocation  can  be  accomplished,  high  pressure 
amplitudes  can  be  tolerated  since  they  are  encountered  only  transiently 
during  start/stop  speed  changes.  If  the  circuit  is  too  complex  for 
resonance  relocation,  wide  band  attenuation  over  the  entire  operating 
speed  range  is  probably  required  to  solve  pulsation  related  problems. 

In  either  case,  close  accuracy  in  predicting  pressure  pulsation  ampli- 
tude is  not  required. 

Amplitude  predictions  were  good  for  the  F-4  resonator  test  circuit. 
Fluid  temperature  and  resonator  location  did  not  significantly  effect 
the  accuracy  of  the  predicted  amplitudes. 


Predicted  pulsation  amplitudes  are  very  high  compared  to  test  results 
for  the  filter  circuit  and  hose  circuit  siiiiulations . Further  modeling 
and/or  verification  testa  will  be  required  to  understand  this  phenomenon. 

No  common  factor  is  obvious.  The  filter  and  hose  present  an  effect  in 
the  circuit  which  la  not  accurately  modeled  by  the  present  HSFR  program. 
Secondary  resonances  exist  in  the  hose  circuit  indicating  that  the  hose 
has  a reflective  characteristic  which  is  not  modeled. 

The  present  HSFR  program  models  one  hydraulic  acoustic  source  (pump) . 
Accurate  modeling  of  a two  pump  system  is  not  practical  unless  the  phasing 
between  the  two  acoustic  outputs  is  known.  This  requires  phasing  of  the 
power  source  gear  bojs  and  pump  shafts  with  respect  to  pump  cylinder 
barrel  rotation  angle.  A two-pump  system  may  be  usefully  analyzed  by 
modeling  each  side  as  single  pump  independent  system,  particularly  if 
pump  to  outlet  junction  lines  are  long.  However,  this  remains  a question- 
able technique  due  to  the  uncertainties  of  signal  phasing  and  check  valve 
effects  in  a master /slave  pump  arrangement. 

The  HSFR  program  can  be  used  to  study  hydraulic  return  system 
resonance  characteristics.  The  PUMP  subroutine  can  be  used  to  study  pump 
hanger  torque,  port  plate  valve  timing,  and  cylinder  cavitation. 

Use  of  adiabatic  bulk  modulus  data  for  M1L-H-5606B  hydraulic  fluid 
is  recommended  when  performing  HSFR  analysis  of  systems  using  MIL-H-83282A 
fluid.  Test  results  have  shown  this  to  be  more  accurate  than  the  avail- 
able bulk  modulus  data  for  M1L-H-83282A.  The  FLUID  subroutine  is  currently 
progtaramed  in  this  manner. 

A composite  plot  of  the  maximum  standing  wave  pulsation  level  at  each 
resonant  pump  speed  should  be  used  for  showing  and  comparing  the  overall 
acoustic  performance  of  a circuit.  Standing  pressure  wave  plots  can  be 
used  for  studying  response  at  a single  resonant  frequency,  and  for  eval- 
uating pulsation  amplitudes  upstream  and  downstream  of  circuit  reflection 
points  and  attenuators. 

Sufficient  measurements  should  be  made  to  define  the  standing  peak 
pressure  wave,  both  upstream  and  downstream  of  attenuation  devices,  for 
effective  evaluation  of  hydraulic  system  pressure  pulsations.  Line 
pressure  measurements  every  6 inches  are  sufficient  with  9 piston  pumps 
operating  to  5000  rpm.  This  is  particularly  important  for  fully  defining 
basic  systems  acoustics,  and  evaluating  the  net  effect  of  circuit  changes 
and  attenuation  devices. 
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The  resonant  frequency  of  a central  hydraulic  system  between  the  pump 

and  first  major  reflection  point  follows  a half-wave  characteristic 
r 

(fj.j  » circuit  has  a closed-end.  A closed  end  circuit 

branched  off  the  main  line  exhibits  a quarter-wave  resonant  frequency 

(fM  " ^)- 

Pressure  service  ports  and  pressure  transmitters  are  sometimes 
located  at  the  end  of  lines  which  branch  off  the  central  system.  In 
a closed-et.d  branch  circuit  a restrictor  or  check  valve  should  be  placed 
at  the  branch  point « not  at  the  terraiuating  component,  to  protect  the 
entire  branch  circuit  from  resonance  damge. 

b.  HYTRAN  Computer  Program  - The  current  version  of  the  HYTRAN  program 
can  give  useful  predictions  of  peak  waterhammer  pressures  and  system 
response  to  changing  flow  demands.  MCAIR  is  currently  using  this  program 
to  analyze  the  F-18  hydraulic  systems  and  YAV-8B  hydraulic  systems.  The 
HYTRAN  program  is  also  being  used  to  simulate  hydraulic  systemc  on  the 
space  shuttle.  The  purpose  of  this  study  is  to  assure  Chat  the  shuttle 
meets  all  the  requirements  for  both  normal  and  contingency  operation 
during  ascent  and  descent  flight  modes. 

Many  of  tlie  computer  models  have  been  adequately  verified  for  HYTRAN. 
Simulation  and  testing  of  relatively  complex  hydraulic  systems  has  shown 
the  basic  accuracy  of  the  program.  With  simulation  of  more  complicated 
systems,  problems  will  undoubtedly  be  encountered.  Modifications  will 
have  to  be  made  to  the  subroutines  to  account  for  conditions  not  pre- 
viously expected  in  the  original  development  of  the  general  models. 

HYTRAN  is  an  extremely  complex  program.  A key  to  effective  applica- 
tion and  understanding  of  HYTRAN  lies  in  the  ability  of  the  user  to 
recognize  bad  computer  output.  This  requires  that  the  user  be  familiar 
with  transient  phenomena  in  hydraulic  systems  and  know  how  to  interpret 
the  data  provided  by  the  program.  Unacceptable  program  results  may  be 
due  to  inaccurate  input  data  or  unreal  design  conditions.  Useful  infor- 
mation can  be  obtained  from  HYTRAN  because  the  effects  of  complex  inter- 
relationships between  parameters  may  be  easily  observed  and  analyzed. 
HYTRAN,  as  with  the  other  computer  programs,  is  still  in  a development 
stage.  As  with  all  computer  programming,  the  job  for  engineering  design 
analysis  is  never  finished.  But  HYTRAN  general  purpose  models  are  ade- 
quately verified  so  that  it  may  be  used  with  confidence  to  analyze  specific 
design  and  performance  aspects  of  hydraulic  systems. 
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When  verifying  the  computer  modelu,  was  important  to  select 
adequate  boundary  conditions.  Boundary  conditions  were  located  at  dynam- 
ically quiet  points  in  the  hydraulic  system.  Reservoirs  and  accumulators 
provided  such  points.  Excessively  noisy  data  was  filtered  before  data 
processing  to  remove  the  possibility  of  a mathematical  instability 
arising  in  the  simulation.  Noisy  data  did  result  from  numerous  areas 
such  as  pump  ripple,  line  vibration,  or  improper  transducer  mounting 
1 neat Ion. 

Accurately  defining  the  component  input  parameters  was  another  key 
to  proper  computer  model  verification.  Incorrect  poppet  mass  on  a check 
valve  or  fluid  volume  in  a filter  did  drastically  affect  the  computer 
simulations  of  these  components.  Care  in  measuring  such  parameters  was 
important. 

The  computer  program  cannot  give  reasonable  correlation  unless  test 
conditions  are  adequately  measured.  System  air  content,  ambient  tempera- 
ture, and  fluid  properties  were  all  important  quantities  that  were 
recorded. 

Evaluation  of  the  data  as  testing  progressed  was  important  to  proper 
computer  simulation  verification.  Many  problems  encountered  in  the  program 
verification  effort  were  traced  back  to  bad  test  data,  or  failure  to 
properly  interpret  the  data. 

(1)  Line  Model  - The  line  model  has  been  verified  between  0-3750  psi 
and  at  temperatures  of  120  and  210®?.  Turn-off  transient  correlation 
with  pressure  and  flow  data  is  good.  For  turn-on  transients  the 
computer  program  predicts  typically  150-200  psi  below  the  reflected 
pressure  wave.  Initial  flow  correlation  is  poor  because  the  hot  film 
anemometers  were  not  capable  of  measuring  mean  flow,  but  only  that 
flow  based  on  a local  velocity  limited  to  a specific  region  close  to 
the  tube  wall. 
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(2)  Cavitation  Model  - The  HYTRAN  line  model  calculations  of  flow 
and  pressures  under  transient  cavitation  conditions  Initially  did 
not  compare  well  with  the  test  data.  For  turn-off  transients  reason- 
able correlation  was  obtained  If  the  line  dynamic  friction  was  set 

to  zero.  DFRICD  was  zeroed  whenever  the  pressure  at  either  end  point 
was  equal  to  or  less  than  the  fluid  vapor  pressure. 

The  computer  output  results  for  cavitation  during  the  turn-on 
transients  also  did  not  compare  well  with  the  data.  The  majority  of 
the  error  may  be  attributed  to  the  use  of  the  turbulent  friction 
term  when  the  Reynolds  number  reaches  the  transition  number,  while 
In  reality  the  line  flow  is  still  laminar. 

(3)  F-15  Pump  Model  - For  the  initial  pump  response,  the  PUMP51 
subroutine  adequately  predicts  the  measured  data.  Since  the  initial 
transient  is  usually  the  most  severe,  the  program  results  do  reflect 
actual  operating  characteristics.  However,  subsequent  oscillations 
as  the  transient  dampened  were  not  accurately  computed.  The  PUMP51 
subroutine  calculations  do  reflect  a stable  prediction  of  transient 
dampening. 

Errors  in  the  subroutine  may  be  attributable  to  a numbei.  of 
factors.  Lack  of  cavitation  effects  caused  by  improper  filling  of 
the  pistons,  the  effect  of  hanger  angle  and  pump  RPM,  bulk  modulus 
effects  at  different  pressures  and  temperatures  on  piston  hanger, 
and  friction  effects  on  the  actuator  and  valve,  are  some  of  the 
factors  not  included  in  the  pump  model.  Other  sources  of  error 
exist  in  the  model  itself.  Not  adequately  defining  the  flow  forces 
on  the  valve,  assuming  linear  leakage  characteristics,  and  the  treat- 
ment of  hanger  inertia  could  all  introduce  small  errors  into  the 
simulation. 

(4)  Filter  Model  - The  HYTRAN  filter  model  calculations  of  flows  and 
pressures  compare  reasonably  well  with  the  test  data  measured  in  the 
lab.  Because  of  the  small  filter  used  there  was  little  difference 
between  the  filter  with  and  without  an  element.  The  filter  supplied 
more  attenuation  to  the  pressure  signal  and  slowed  down  the  wave 
speed  slightly  as  compared  to  the  unobstructed  line. 
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(5)  Check  Valve  Model  - The  HYTRAN  check  valve  model  compares  favor- 
ably to  the  test  data  measured  in  the  lab.  The  majority  of  the  model 
error  can  be  attributed  to  the  absence  of  adequate  flow  force  effects 
on  the  poppet  in  the  calculation.  Flow  forces  are  not  well  defined 
theoretically  and  really  depend  upon  the  actual  valve  geometry. 
Attempts  to  include  axial  flow  forces  in  the  calculations  contributed 
some  improvement  for  the  125*^  and  210°F,  11.5  and  38.5  CIS  turn-off 
transient  calculations.  Since  the  CVAL31  subroutine  was  written  for 
a general  check  valve  it  appears  that  this  model  is  adequate  for 
what  it  was  designed  to  accomplish. 

(6)  Restrictor  Models  - The  HYTRAN  restrictor  model  (REST41)  and 
one-way  restrictor  model  (CVAL33)  calculations  of  pressures  compare 
reasonably  well  with  the  test  data  measured  in  the  lab.  The  verifica- 
tion results  indicate  that  the  restrictor  models  are  relatively  good. 

(7)  Hose  Model  - Hose  model  calculations  of  flows  and  pressures  did 
not  compare  well  with  the  test  data.  For  the  1/4"  hose  the  computer 
results  predicted  a lower  damping  frequency  than  was  actually  mea- 
sured. However,  the  amplitudes  on  the  computer  pressures  match 
well  with  the  test  results.  The  5/8"  hose  computer  results  showed 

a higher  frequency  than  the  test  data.  Amplitude  correlation  with 
the  computed  pressures  was  good.  In  turn-on  transients  for  both 
hoses  the  HYTRAN  program  consistently  under  predicted  the  maximum 
pressure  amplitude  of  the  test  data. 

(8)  Two  Stage  Relief  Valve  Model  - The  malfunctioning  control  valve 
did  not  provide  the  necessary  sharp  turn-off  transients  in  the  test 
system,  and  prevented  the  direct  verification  of  the  two  stage  relief 
valve  model.  Computer  runs  made  without  the  test  data  indicate  that 
the  relief  valve  model  reasonably  simulated  the  actual  valve's 
operating  characteristics. 
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(9)  Air  Effects  Simulation  - Return  systere  transients  were  generated 
in  the  lab  by  rapid  opening  and  closing  oi  a control  valve.  Air  was 
added  to  the  system  and  allowed  to  dissolve  into  the  hydraulic  fluid. 
As  the  system  dissolved  air  levels  Increased  from  O.UX  to  48%  by 
volume,  the  transient  tests  showed  a significant  decrease  In  the 
oscillating  frequency  of  the  pressure  and  flow  waves  following  cavi- 
tation. This  phenomena  results  from  free  air  collecting  in  the 
return  system  downstream  of  the  valve.  The  air  came  out  of  solution 
after  the  pressure  drops  to  near  zero  which  occurred  when  the  control 
valve  was  either  opened  or  closed.  At  higher  dissolved  air  contents 
more  air  would  leave  the  fluid  given  the  same  valve  operating  rate 
and  system  temperature  and  reservoir  pressure.  This  free  air  would 
slow  the  rise  and  decay  of  the  pressure  and  flow  waves  by  providing 
an  additional  air  spring  for  these  waves  to  travel  through. 

The  testing  indicates  that  at  higher  air  contents  the  severity 
of  return  line  pressure  transients  are  reduced. 

Unfortunately  this  was  about  the  only  benefit  of  dissolved  air. 
From  a total  system  viewpoint,  large  amounts  of  air  may  cause  serious 
problems  relating  to  system  start-up  and  normal  operation.  Start  up 
problems  include  lack  of  pump  prime  (airlock) , system  damage  due  to 
transient  air  ingestion  by  the  pump,  and  excessive  drop  in  reservoir 
level . 

Currently,  the  effects  of  air  in  hydraulic  systems  is  rot 
modeled  in  the  HYTRAN  computer  program.  Dissolved  air  does  not 
alter  the  physical  properties  of  the  hydraulic  fluid,  but  free  air 
in  the  form  of  large  or  small  bubbles  in  the  fluid  would  drastically 
affect  the  component  and  line  models.  Predicting  the  occurrence  of 
these  air  bubbles,  their  size,  and  interactions  with  the  fluid  and 
components  would  be  a task  beyond  the  scope  of  the  present  contract. 
The  testing  has  provided  basic  data  on  how  dissolved  air  affects 
hydraulic  return  system  performance. 

Since  the  .4%  and  12%  air  content  tests  showed  little  change, 
and  the  existing  HYTRAN  cavitation  model  gives  a reasonable  cavita- 
tion simulation,  it  is  considered  that  the  current  model  is  adequate 
and  representative  of  a well  bled  system. 
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(10)  Valve  Controlled  Actuator  Model  - The  valve  controlled  actuator 
tested  in  the  lab  exhibited  some  destabilizing  valve  reaction  forces. 
These  may  have  accounted  for  the  poor  correlation  with  the  initial 
transient  test  data.  The  addition  of  the  stiction  forces  helped  with 
predicting  the  magnitude  of  the  first  transient  spike,  but  it  could 
not  model  the  subsequent  15  msec  delay  before  the  rise  of  the  cylin- 
der pressures.  The  inclusion  of  a dynamic  friction  term  assured 
that  the  cylinder  pressures  were  of  the  proper  magnitude. 

The  simple  servoactuator  model  used  in  the  HYTRAN  program  gives 
reasonable  correlation  with  the  lab  test  data  and  is  considered  a 
good  subroutine  for  most  applications. 

(11)  Accumulator  Model  - The  range  of  specific  heat  ratio  during 
accumulator  discharge  (and  charge)  varies  widely  depending  on  the 
duration  of  the  transient. 

Discharge  of  the  F-15  dFS  accumulator  from  an  initial  shop 
ambient  temperature  condition  produced  the  following  specific  heat 
(n)  values  for  various  discharge  times. 

Total  Discharge  Range  of  Specific  Heat  Ratio  (GN2) 

Time  (Sec)  During  Discharge 

2.3  1.65  to  1.52 

5.0  1.32  to  1.16 

32. C 1.16  to  .926 

Higher  specific  heat  ratios  would  be  obtained  for  lower  Initial  tem- 
peratures, particularly  for  the  longer  discharge  time.  A specific 
heat  ratio  for  sizing  an  accumulator  should  be  chosen  for  the  maximum 
discharge  rate  and  lowest  Initial  temperature  expected  in  the  appli- 
cable system. 

Computer  simulations  which  model  rapid  changes  in  accumulator 
pressure  should  use  a high  specific  heat  ratio,  1.4  to  1.6.  The 
present  HSFR  program  uses  1.4.  The  HYTRAN  program  accumulator  model 
currently  uses  a specific  heat  ratio  of  1.0,  making  no  attempt  to 
model  the  wide  range  of  specific  beat  ratios  possible  for  transient 
calculations.  A constant  specific  heat  ratio  should  be  selected  and 
used  in  the  HYTRAN  gas  accumulator  model  to  suit  the  type  of  appli- 
cation being  analyzed.  Choosing  a good  design  value  for  specific  heat 
is  a significant  factor  when  sizing  3000  psig  accumulators  such  as 
those  used  in  hydraulic  start  systems  for  engine  start  and  auxiliary 
power  systems. 
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(12)  Subsystem  Modeling  - Modeling  of  the  F-15  speedbrake  subsystem 
with  the  HYTRAN  program  went  exceedingly  well.  The  computer  run 
showed  that  the  component  models  do  function  properly  In  a system 
simulation,  and  for  this  basic  system  the  HYTRAN  program  was  able 

to  calculate  the  proper  pressures  and  flows. 

(13)  Two  Pump  System  Verification  - The  HYTRAN  computer  simulation 
of  the  two  pump  system  indicated  reasonably  good  correlation  with 
the  test  data.  The  initial  response  predictions  were  adequate  but 
the  final  steady  state  operating  pressures  were  larger  than  actually 
measured. 

c.  SSFAN  Computer  Program  Verification  - The  SSFAN  computer  program  com- 
ponent models  have  been  verified  for  many  of  the  test  conditions  recorded 
in  the  lab.  The  basic  techniques  of  linearizing  the  leg  impedances  and 
applying  the  continuity  equation  at  branch  points  have  been  verified  for 
use  in  SSFAN  and  the  steady  state  portions  of  HYTRAN  and  HYTTHA. 

The  SSFAN  program  has  been  used  to  analyze  the  gun  subs^'stem,  the 
main  and  nose  landing  gear  subsystems,  the  arresting  gear  damper  pre- 
charge  subsyste;.!  and  the  emergency  brake/landing  gear  subsystems  on  the 
F-18.  MCAIR  has  also  used  SSFAN  to  model  the  two  hydraulic  systems  on 
the  YAV-8B. 

(1)  Essential  Components  - Essential  components  were  tested  to  deter- 
mine their  steady  state  flow  vs  pressure  drop  characteristics.  It 
was  determined  that  the  basic  data  on  lines,  unions,  fittings,  etc., 
at  ambient  and  high  temperature  test  conditions  were  not  necessary 
for  adequate  model  verification  of  the  higher  priority  HYTRAN  test 
items.  Line  pressure  drop  equations  used  in  SSFAN  were  verified  by 
the  test  data. 

(2)  Supplemental  Components  - Steady  state  data  was  recorded  for  a 
check  valve,  1/4"  and  5/8"  teflon  hoses,  one-way  restrictor,  single 
and  stacked  disc  type  orifices  and  a compensated  check  valve.  The 
steady  state  portion  of  the  HYTRAN  program  was  verified  for  those 
components. 

Steady  State  F-15  Pump  Testing  - Steady  state  testing  was  accom- 
plished on  the  F-15  instrumented  pump  with  two  hydraulic  fluids.  The 
difference  In  case  drain  flow  vs  pressure  characteristics  and  heat 


417 


rejection  performance  between  MIL-H-5606B  and  MIL-H-83282  fluids  is 
significant.  The  difference  may  be  due  to  the  non-Newtonian  vs 
Newtonian  characteristics  of  the  two  fluids. 

(4)  Steady  State  Two-Pump  System  Verification  - SSFAN  simulation  of 
a two  pump  test  system  correlated  well  with  the  test  data.  Modifi- 
cations were  made  to  the  pump  model  to  handle  the  master-slave 
relationship.  Although  the  changes  had  to  be  made  by  the  programmer, 
they  were  relatively  minor. 

d.  HYTTHA  Computer  Program  Verification  - HYTTHA  is  the  "junior"  member 
of  the  four  programs  developed  under  the  present  APL  contract.  Many 
problems  will  be  encountered  by  users  as  the  complexity  of  the  modeled 
systems  increase.  Every  effort  should  be  made  to  coordinate  program 
changes  with  all  the  active  prog’^am  users. 

(1)  Line  Model  - The  HYTTHA  line  model  adequately  predicted  the 
temperature  distribution  in  the  tested  line  sections.  Verification 
has  been  accomplished  for  the  data  presented  in  this  report.  Test 
data  is  not  currently  available  to  verify  the  line  model  over  a wide 
range  of  temperature  conditions. 

(2)  Restrictor  Model  - The  restrictor  model  (TREST41)  computer  runs 
correlate  well  with  the  test  data.  The  model  does  provide  adequate 
representation  of  the  thermal  effects  of  a simple  restrictor  in  a 
line  system. 

(3)  Pump  Model  - No  verification  has  been  accomplished  with  the 
HYTTKA  program  pump  model.  The  pressure  data  taken  for  each  test 
oscillated  and  could  not  be  used  as  boundary  conditions  in  the 
simulation  programs. 

(4)  Heat  Exchanger  Model  - The  heat  exchanger  model  was  able  to 
predict  the  test  results  for  the  range  of  temperatures  that  were 
tested. 

(5)  Subsystem  Model  - Test  data  on  the  F-15  speedbrake  system  does 
not  correlate  with  the  HYTTHA  program  predicted  results.  Further 
work  on  the  subroutines  must  be  done  before  adequate  verification 
can  be  accomplished. 
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SECTION  IX 
RECOMMENDATIONS 

During  the  course  of  the  Aircraft  Hydraulic  System  Performance 
Analysis  program  a number  of  desirable  additional  efforts  have  Identified 
themselves.  Many  of  these  are  logical  extensions  of  the  current  program; 
others  lend  themselves  to  independent  investigation.  The  recommendations 
can  be  grouped  into  the  following  eight  headings: 

1)  Improvement  and  extension  of  the  existing  computer  programs 
(HSFR,  HYTRAN,  SSFAN,  HYTTHA) . 

2)  Development  of  a hydraulic  line  mechanical  response  (HLMR) 
computer  program. 

3)  Verification  of  existing  programs  on  a complete  aircraft 
hydraulic  system. 

4)  Adaptation  of  the  existing  programs  to  other  aircraft  fluid 
systems . 

5)  Evaluation  of  program  correlation  with  user  test  data 

6)  Development  of  hardware  for  improved  fluid  system  dynamics 
and  testing. 

7)  Revisions  and  additional  to  milltaiy  specifications- 

8)  Newtonian  vs  non-Newtonian  fluid  characteristics. 

A summary  of  the  recommendations  developed  is  presented  in  Section  1, 
and  the  detailed  discussion  is  presented  in  Section  3. 

1.  SUMMARY  OF  RECOMMENDATIONS 

Recommendations  for  program  improvements  and  areas  of  expansion  are 
presented  in  Table  34.  The  activities  included  in  the  present  one-year 
add-on  contract  are  highlighted.  Recommendations  for  areas  of  further 
study  are  listed  in  Table  35. 

The  higher  priority  recommendations  are  summarized  in  the  next  two 
sections.  The  distribution  of  funds  into  these  areas  would  be  cost  effective 
because  all  program  users  could  benefit  from  their  implementation.  These 
items  will  provide  an  immediate  payoff  to  the  engineer  in  solving  practical 
design  and  analysis  problems.  They  will  also  enhance  and  strengthen  the 
capabilities  of  the  computer  programs. 

a . Priority  Recommendations  for  Future  Computer  Effort 

The  recommendations  for  future  computer  program  work  are  presented  in  order 
of  importance  in  Table  36.  A specific  discussion  of  each  tople  may  be  found  in 
the  referenced  section. 

b.  Priority  Recommendations  for  Complementary  Effort  - The  Items  in  Table  37 
represent  complementary  efforts  evolving  from  computer  program  verification  and 
development  work. 
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TABLE  34 

AIRCRAFT  HYDRAULIC  SYSTEM  PERFORMANCE  ANALYSIS 
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Activity  Included  in  present  one-year  add-on  contract 


TABLE  35 

AIRCRAFT  HYDRAULIC  SYSTEM  PERFORMANCE  ANALYSIS 
AREAS  RECOMMENDED  FOR  FURTHER  STUDY 
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TABLE  36 


AIRCRAFT  HYDRAULIC  SYSTEM  PERFORMANCE  ANALYSIS  PRIORITY 
RECOMMENDATIONS  FOR  FUTURE  COMPUTER  PROGRAM  EFFORT 


Priority 

Sub.1  ect 

Paragraph 

1 

Develop  and  verify  hydraulic  line  mechanical 
response  computer  program 

3.b. 

2 

Develop  and  verify  vane  pump  model  for  HYTRAN 
and  HSFR 

3,a.(l)(a) 

3.a.(2)(a) 

3 

Develop  and  verify  axial  piston  motor  model 
for  HYTRAN  and  HSFR 

3.a.(l)(b) 

3.a.(2)(b) 

4 

Further  data  analysis  and  testing  of  the  F-15 
instrumented  pump  for  HYTRAN 

3.a.(2)(c) 

5 

Develop  and  verify  SSFAN  flow  regulator  model 

3.a.(3)(a) 

5 

Verify  SSFAN  at  low  temperature 

3.a.(3)(b) 

7 

Develop  qu^si-transient  model  for  SSFAN 

3.a.(3)(c) 

8 

Program  User  Experience  Feed  Back  and  Interchange 

3.e 

9 

Verification  of  existing  programs  on  complete 
aircraft  hydraulic  systems  or  subsystems 

3.C 

10 

Develop  and  verify  cavitating  pump  model  for  HYTRAN 

3.a.(2)(d) 

11 

Develop  and  verify  reservoir  level  sensing  valve 
model  for  HYTRAN 

3.a.(2)(e) 

12 

Adapt  existing  programs  to  fuel  systems  3.d, 

TABLE  37 

AIRCRAFT  HYDRAULIC  SYSTEM  PERFORMANCE  ANALYSIS  RECOMMENDATIONS 

FOR  COMPLIMENTARY  EFFORT 

Priority 

Sub.i  ect 

Paragraph 

1 

Further  develop  wide-bard  acoustic  attenuators 

3.f .(1) 

2 

Create  new  military  spec,  which  will  provide 
computer  program  input  Information 

3.g.(3) 

3 

Study  and  evaluate  Newtonian  vs.  non-Newtonian 
fluid  characteristics 

3.h. 

4 

Develop  harmonic  free  hydraulic  pulsation 
generator 

3.f.(2) 

! 


2.  SOURCE  OF  RECOMMENDATIONS 

Developmisnt  and  test  verification  of  the  HSFR,  HYTRAN,  SSFAN,  and  HYTTllA 
computer  programs  has  opened  up  new  avenues  for  these  analytical  design  tools. 

Upon  verifying  a component  math  model  for  a specific  set  of  test  ..onditions, 
there  was  a desire  to  see  how  well  it  would  fit  another  set  of  test  conditions. 
However,  due  to  the  limitations  of  time  and  money  further  Inquiry  was  not 
permitted.  Many  recommendations  for  future  computer  program  improvements  have 
resulted , 

Motivation  for  other  computer  program  changes  resulted  from  a desire  to 
achieve  greater  utility  by  extending  the  program  to  cover  additional  requirements 
of  the  individual  users.  The  changes  include  extensions  to  cover  models  of 
components  not  presently  included  and  a sequence  of  programming  steps  to  attain 
a specific  type  of  output,  require  program  modifications.  The  resulting  capability 
will  be  beneficial  enough  to  all  program  users  to  justify  the  efforts  from  a 
cost  effectiveness  standpoint. 

Through  the  years,  we  have  found  that  practical  design  experience  shapes 
a computer  program  and  recommendations  based  on  application  are  the  most  useful. 
True  design  needs  will  dictate  whether  a change  is  ever  implemented.  In  the 
final  analysis,  the  users  will  have  the  responsibility  of  adapting  the  existing 
general  purpose  models  to  the  analysis  of  design  and  performance  aspects  of 
their  specific  hydraulic/systems/subsystems.  The  vast  scope  and  number  of 
variables  involved  in  these  programs,  particularly  HYTRAN,  make  it  unlikely 
that  they  could  ever  be  so  highly  developed  as  to  be  effectively  used  by 
personnel  totally  Inexperienced  in  computer  technology  and  hydraulic  system 
design  and  performance. 

3.  DETAILED  RECOMMENDATIONS  AND  DISCUSSION 

a.  Additional  Computer  Program  Work  - The  following  recommendations  cover 
areas  for  improvement  in  each  of  the  four  computer  programs.  These  areas 
are  judged  worthy  of  additional  development  and  test  verification  effort. 

(1)  HSFR  Recommendations 

(a)  Vane  Pump  Model  Development  - Develop  and  verify  a vane 
pump  model  to  extend  the  HSFR  program  capability  to  simulate 
a typical  pump  used  in  many  types  of  fluid  systems. 
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(b)  Axial  Piston  Motor  Model  - Develop  and  verify  an  axial 
piston  hydraulic  motor  model.  Frequency  analysis  capability 
In  this  area  could  be  very  helpful  In  understanding  motor/ 
system  resonance  problems. 

(c)  Improve  Program  Accuracy  and  Capability  - Further  develop 
the  HSFR  Program  to  Increase  the  accuracy  and  capability  of  the 
program  for  analyzing  the  response  of  more  complex  hydraulic 
circuits.  This  capability  will  be  useful  for  Identifying  the 
severity  of  resonant  responses  relative  to  operating  conditions 
in  hydraulic  systems  of  low  to  moderate  complexity.  Determina- 
tion of  whether  simple  circuit  changes,  narrow  band  attenuators, 
or  wide-band  attenuators  are  needed  can  minimize  systems  cost, 
weight,  and  installation  impact. 

(d)  Pump  Compensator  Valve  Dynamics  - Incorporate  pump  compensator 
valve  dynamics  in  the  pump  model  to  allow  the  system  designer  to 
study  the  effects  of  system  resonances  which  coincide  with  pump 
mechanical  resonances. 

(e)  Frequency  Dependent  Friction  Effects  - Evaluate  frequency 
dependent  effects;  these  effects  may  be  pertinent  to  existing 
errors  in  amplitude  predictions-  Laminar  flow  is  the  most 
pertinent  mode  for  steady  state  conditions  in  aircraft 
hydraulic  systems.  (Turbulent  flow  is  the  predominant  operating 
mode  for  gear  box  lubrication  and  electronic  equipment  cooling 
systems. ) 

(2)  HYTRAN  Recommendations 

(a)  Vane  Pump  Model  - Develop  and  verify  a variable  displacement 
vane  pump  model  for  fuel  system  applications. 

(b)  Axial  Piston  Motor  - Develop  and  verify  a model  for  axial 
piston  hydraulic  motors.  Successful  integration  of  a hydraulic 
motor  into  system  and  load  dynamics  is  a difficult  task.  Dynamic 
analysis  capability  in  this  area  could  be  very  fruitful. 

(c)  Further  F-13  Pump  Testing  and  Model  Development  - Extensive 
testing  has  been  completed  on  the  F-15  instrumented  pump.  Test 
conditions  were  established  to  try  and  reproduce  many  of  the 
operating  conditions  that  the  pump  encounters  during  its  normal 
life.  Actual  pump  operating  time  was  approximately  150  hours 
during  the  test  period.  Obviously  much  more  data  was  recorded 
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than  could  possibly  be  compared  with  the  pump  model.  Because 
of  the  Importance  of  the  pump  in  its  relation  to  the  remainder 
of  the  system,  a dlsproporationate  number  of  manhours  relative 
to  other  component  models  was  spent  on  pump  verification.  The 
other  demands  of  the  contract  did  not  allow  time  for  a more 
thorough  analysis  of  the  pump  model  and  further  work  on  the 
pump  model  is  essential.  Some  of  the  transient  information 
that  was  recorded  still  needs  to  be  analyzed.  More  testing 
with  a case  pressure  transducer  will  also  yield  useful 
information. 

(d)  Cavitating  Pump  Model  - Currently  no  provision  is 

made  in  the  pump  subroutine  for  a cavitating  pump.  The  develop- 
ment and  verification  of  a model  for  HYT5AN,  would  be  useful 
for  suction  system  analysis. 

(e)  Reservoir  Level  Sensing  Modification  to  the  Reservoir  Subroutine- 
F-15  and  F-18  military  aircraft  use  reservoir  level  sensing 
equipment.  This  function  should  be  modeled  and  verified  as  part 

of  the  reservoir  subroutine. 

(f)  Lossless  Line  Model  Experience  on  F-18  analysis  has  indicated 
a need  for  modeling  two  adjacent  components  without  a line  between 
them.  A lossless  line  model  should  be  developed  for  this 
application. 

(g)  Bulk  Modulus  Updated  in  tne  Line  Subroutine  - The  bulk 
modulus  is  not  entirely  accurate  in  a transient  simulation. 

Changes  are  necessary  so  that  the  values  of  bulk  modulus  can 
be  updated  based  on  the  local  fluid  pressure  in  a line. 

(3)  SSFAN  Recommendations 

(a)  Flow  Regulator  Model  - In  hydraulic  system  design  it  is 
necessary  to  sice  restrictors  based  on  rate  information.  Develop 
a flow  regulator  model  that  would  keep  the  flow  in  a leg  constant 
while  automatically  computing  the  proper  orifice  size. 
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(b)  Verify  SSFAN  at  Low  Temperature  - Verification  testing  on 
the  SSFAN  program  has  been  accomplished  from  70  to  210°?. 
Operation  rates  at  low  temperature  are  often  the  critical 
factors  determining  a system  configuration.  Verification 
testing  from  -A0°F  to  70°F  is  recommended  to  further  enhance 
the  capabilities  of  the  SSFAN  program. 

(c)  SSFAN  Quasi-Transient  Model  - Since  SSFAN  calculates  the 
steady  state  flows  and  pressures  of  a system  at  a point  in  time, 
write  a control  program  that  will  calculate  a series  of  points 
starting  at  a fixed  time  and  continuing  for  a long  time  period 
(10-20  seconds) . This  quasi-transient  control  program  would 
integrate  the  system  loads,  actuator  and  accumulator  pressures 
between  the  two  time  steps.  The  resultant  solutions  are  based 
on  the  average  flows  in  the  system.  Examples  of  data  that  may 
be  derived  from  this  addition  are  operating  times  for  landing 
gear  and  flap  subsystems,  time  to  charge  system  accumulators 

on  engine  start-up  and  time  to  discharge  the  system  accumulators. 

(d)  Single  Node  Constant  Pressure  Reservoir  Model  - The  SSFAN 
program  was  written  to  solve  closed  loop  hydraulic  systems.  Add 
a special  component  model  to  run  open  loop  systems  for  subsystem 
work. 

(e)  Simplify  the  Building  Routines  - The  building  routines  are 
complicated.  Systems  are  assembled  pressure  side  first  followed 
by  return  then  suction  system.  Simplification  of  the  building 
routines  are  necessary  to  obtain  a more  efficient  assembly 
method  and  reduce  execution  time  and  costs.  The  techniques 
could  be  applied  to  HYTRAN  and  HYTfHA. 

(f)  Complex  Hydraulic  System  Analysis  - The  SSFAN  program  is 
capable  of  simulating  many  types  of  hydraulic  systems.  Every 
possible  assembly  combination  of  components  in  systems  has 
not  been  verified  and  indeed  the  scope  of  the  contract  did  not 
allow  for  such  an  effort.  Consequently  the  programmer  may  run 
into  situations  in  which  the  assembly  phase  may  not  function 
properly  or  the  computation  section  of  the  program  gives  erroneous 
results.  More  effort  is  required  to  accommodate  various  types 

of  systems. 
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(g)  Floating  Branch  Point  Model  - Add  a floating  branch  point, 
so  the  programmer  can  find  the  pressure  at  any  location  in  the 
system. 

(h)  Constant  Displacement  Pump  Model  - Develop  a constant 
displacement  pump  model.  This  may  be  constant  flow  type  or 
constant  pressure  type.  Versions  may  be  written  for  closed 
and  open  loop  applications. 

(i)  Pressure  Regulator  Model  - Develop  a pressure  regulator 
model  that  would  hold  a constant  pressure  selected  point  anywhere 
in  the  system.  This  would  be  a two-port  device  different  from 
the  constant  reservoir  model. 

(j)  Hydraulic  Motor  Model  - A hydraulic  motor  model  to  input 
load  torque  vs  RPM  should  be  developed. 

(k)  Modify  the  Special  Component  Model  - Change  the  special 
element  subroutine  so  that  it  will  allow  a single  point  input. 

A square  law  curve  fit  would  then  be  used  with  the  one  data 
point.  Currently  this  input  allows  for  a minimum  of  two  data 
points. 

(l)  Dynamic  Cross  Model  - Develop  dynamic  cross  model  accounting 
for  energy  losses  due  to  flow  mixing. 

(4)  HYTTHA  Recommendations 

(a)  Further  HYTTHA  Development  and  Verification  - The  HYTTHA 
computer  program  is  used  to  calcuiate  the  transient  thermal 
response  of  a hydraulic  system.  Detailed  input  data  is  needed 
to  establish  steady  state  pressure  and  flow  rates  to  determine 
initial  system  temperatures.  The  interaction  between  components 
in  a system  and  their  environment  represent  a complex  phenomena 
that  in  many  instances  is  difficult  to  measure  even  in  a controlled 
laboratory.  The  current  version  of  HYTTHA  may  be  applied  to  simple 
hydraulic  systems  with  reasonable  results.  Larger  more  complex 
systems  present  many  problems  that  are  tedious  and  difficult  to 
solve.  HYTTHA  was  written  to  solve  these  problems  but  because 
of  the  intricate  nature  of  temperature  phenomena  and  lack  of 
development,  further  work  on  the  program  is  needed. 
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b.  Reconunended  Development  of  a Hydraulic  System  Line  Mechanical 
Response  (HLMR)  Computer  Program  - Hydraulic  line  vibrations  due 
to  exitation  from  pulsations  generated  by  axial-type  pumps  can 
create  serious  problems  in  aircraft  hydraulic  system  installations. 
During  the  transient  test  program  excessive  longitudinal  vibra- 
tions were  encountered  in  the  laboratory  that  Interfered  with  the 
data.  The  problem  was  solved  by  correctly  clamping  and  weighing 
down  the  lines  wherever  necessary.  An  understanding  of  the 
behavior  of  the  internal  and  external  responses  of  the  hydraulic 
system  will  lead  to  optimum,  infinite  fatigue  life,  configurations 
with  minimum  system  weight.  MCAIR  has  already  undertaken  the 
development  of  a computer  program  which  will  predict  the  mechanical 
response  of  a hydraulic  line  installation  to  pulsating  external 

or  internal  forcing  functions.  The  hydraulic  system  line 
mechanical  response  program  (HLMR)  needs  to  be  further  developed 
and  verified  before  useful  design  data  can  be  obtained. 

c . Verification  of  Existing  Programs  on  a Complete  Aircraft 
Hydraulic  System  - The  present  computer  programs  should  be  applied 
to  more  complex  aircraft  hydraulic  systems  such  as  the  F-15  with 
RLS , RPS  and  an  intricate  switching  valve  system.  It  is  recommended 
that  the  programs  be  verified  on  a representative  aircraft  hydraulic 
system.  Modeling  specific  subsystems  and  solving  design  problems 
yield  information  not  obtained  from  general  verification  work. 

The  modeling  of  a complete  aircraft  will  greatly  improve  the 
capability  of  the  computer  programs. 

d.  Recommended  Computer  Program  Development  and  Application  - 
The  existing  computer  program  component  models  could  be  modified 
for  fuel  system  applications.  Similar  changes  could  be  made  to 
make  the  programs  capable  for  analyzing  electronic  equipment 
liquid  loop  heat  transfer  systems  and  lubrication  systems. 

e . Recommended  Program  User  Experience  Feedback  and  Interchange 
to  be  Implemented  Through  the  APL  - User  test  data  should  be 
employed  for  additional  assessments  of  program  correlation  to 
reveal  unidentified  shortcomings  and  Identify  the  areas  of 
future  work.  This  will  continually  Improve  and  accelerate  the 
development  of  the  programs  and  Jielp  others  in  becoming  more 
familiar  with  their  application.  Getting  more  people  involved 
will  further  verify  the  programs  and  make  them  more  useful  in 
design  and  analytic  studies. 
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f . Recommended  Hardware  Development  Programs 

(1)  Wlde-band  Acoustic  Attenuator  - Design  and  develop 
small,  low-cost,  high-performance  wide-band  acoustic 
attenuators  for  aircraft  hydraulic  systems.  The  acoustic 
complexity  of  some  aircraft  hydraulic  systems,  line 
mechanical  response,  multiple  pump  operating  speeds,  and 
temperature  shift  effects  render  conventional  narrow 

band  techniques  of  questionable  value.  Application  of  wide- 
band attenuators  is  sometimes  the  cost  effective  approach 
for  solving  pulsation  problems  in  acoustically  complex 
systems.  The  HSFR  Program  would  be  used  as  a tool  for 
designing  and  sizing  the  wide-band  acoustic  attenuators. 

(2)  Harmonic  Free  Hydraulic  Pulsation  Generator  - Develop 
a harmonic-free  hydraulic  acoustic  signal  generator  for 
general  use  in  the  industry.  The  power  level  and  frequency 
range  capability  should  be  that  normally  encountered  in 
aircraft  hydraulic  systems.  Such  a device  would  be  useful 
for  running  qualification  fatigue  tests  on  equipment  normally 
exposed  to  pulsating  pressures  or  for  model  verification 
tests,  and  for  checking  the  frequency  response  of  hydraulic 
circuits. 

(3)  Dynamic  Flow  Measurement  - Further  develop  dynamic 
flow  measurement  technology  to  permit  accurate  component 
level  HSFR  model  verification.  Accurate  modeling  of  some 
components,  e.g.  filters  and  hoses,  may  depend  on  improved 
flow  measurement  technology. 

(4)  Pump  Modifications  to  Reduce  Acoustic  Energy  - Reduction 
of  acoustic  source  energy  by  techniques  integral  to  the 
hydraulic  pump  would  reduce  many  hydraulic  system  dynamic 
problems  at  their  source. 

g . Recommended  Military  Specification  Revisions  and  Additions 

(1)  MIL-P-1969C  Hydraulic  Pump  Spec  Modification  - The 

MIL-P-19692C  hydraulic  pump  speclt ication  pressure  pulsation 
test  data  may  be  improved  as  follows: 
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1)  It  is  imperative  that  the  buyer  specify  the 
test  hydraulic  circuit  to  be  as  similar  to  the 
real  system  as  possible. 

2)  Use  a total  pressure  pulsation  (peak  or  peak 
to  peak)  vs.  pump  speed  data  format  during  the 
specified  speed  sweep  (50  to  125%)  with  5%  of  maximum 
full  flow  to  easily  and  accurately  identify  the  most 
critical  resonant  speeds  in  the  simulated  hydraulic 
system. 

3)  Record  2)  data  long  the  line  every  8 inches  from 
the  pump  to  identify  a location  in  the  line  of  the 
maximum  standing  wave  pressure  at  each  identified 
resonant  speed. 

4)  Make  measurement  rpm  sweeps  over  the  full  speed 
range  at  line  locations  identified  for  maximum  resonant 
pressures  rather  than  at  the  present  arbitrarily  specified 
50,  75,  and  100%  speeds. 

5)  Apply  the  acceptance  criteria  to  the  maximum 
measured  standing  wave  value  at  each  resonant  speed 
within  the  operating  speed  range. 

6)  Change  acceptable  pulsation  level  from  + 10%  to 
+ 2.5%  of  rated  outlet  pressure. 

MIL-H-5440  General  Spec  Modification  - The  general 
MIL-Spec  for  nydraulic  system  performance  should  be  modified 
to  include  analysis  using  the  computer  programs. 

(3)  MIL-Spec  Specifying  Component  Data  - All  four  computer 
programs  require  component  data  that  is  usually  not  readily 
available  from  the  vendor.  A military  specification  should 
be  written  that  would  call  out  the  required  data  for  each 
program  by  component.  A MIL-Spec  will  provide  the  Government 
contractor  with  the  information  needed  to  routinely  perform 
analysis  of  hydraulic  systems.  MCAIR  has  taken  the  initiative 
on  this  by  requiring  all  F-18  vendors  to  supply  specified 
computer  input  data  for  USFR,  HYTRAN,  and  SSFAN  modeling. 
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Newtonian  vs  Non-Newtonian  Fluid  Characteristics- 


Component  and  system  ve^rif ication  testing  has  been 
accomplished  with  Newtonian  MIL-H-83282  and  non- 
Newtonian  MIL-H-5606B.  Pump  testing  with  the  two  fluids 
has  shown  significantly  different  heat  rejection  and  case 
drain  characteristics.  In  addition  control  valve 
leakage  rates  for  the  F-15  stabilator  were  not  the 
same.  The  Newtonian  characteristic  differences 
between  the  two  fluids  apparently  may  account  for  most 
of  the  discrepencies.  Confirmation  of  this  assumption 
is  subject  to  additional  analysis  and  study.  The 
results  of  this  study  would  have  an  immediate  impact 
on  most  component  and  system  designs. 
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